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Abs t rac t  
A method of op t imiz ing  t h e  a x i a l  power p r o f i l e  of a so l id-core  
nuc lea r  rocke t  r e a c t o r  has  been developed. It i s  shown t h a t  t h e  
power p r o f i l e  i s  very  dependent upon the  h e a t  t r a n s f e r  c o r r e l a t i o n  
used t o  p r e d i c t  channel w a l l  temperatures ,  e s p e c i a l l y  i n  t he  r e a c t o r  
core i n l e t  reg ion .  It is  demonstrated t h a t  t h e  optimum r e a c t o r  core  
dimensions and I s p  a r e  i n s e n s i t i v e  t o  t h e  form of t he  h e a t  t r a n s f e r  
c o r r e l a t i o n  used. 
Reac t iv i ty  c h a r a c t e r i s t i c s  f o r  such compact, high performance 
r e a c t o r  cores  have been ca l cu la t ed .  It i s  shown t h a t  t he  hydrogen 
i n  t h e  r e f l e c t o r  can c o n t r i b u t e  s e v e r a l  t imes more r e a c t i v i t y  worth 
than the  hydrogen i n  t h e  r e a c t o r  core .  The c r i t i c a l  uranium con- 
c e n t r a t i o n ,  t o t a l  and s p e c i f i c  hydrogen r e a c t i v i t y  worths ,  and mean 
f i s s i o n i n g  energy a r e  a l l  shown t o  be s t r o n g l y  c o r r e l a t e d  t o  t h e  
geometr ical  buckl ing.  Seve ra l  equat ions  a r e  der ived  r e l a t i n g  hydro- 
gen worth t o  geometr ical  buckl ing.  The t o t a l  r e a c t i v i t y  worth of 
hydrogen i n  t h e  r e f l e c t o r  i s  shown t o  be  l i n e a r l y  p ropor t iona l  t o  
the  average hydrogen concent ra t ion  i n  t he  r e f l e c t o r .  Power t i l t i n g  
and l o s s  of r e a c t i v i t y  by core  thermal expansion and cor ros ion  l o s s  
o f  carbon a r e  ca l cu la t ed .  These r e a c t i v i t y  c h a r a c t e r i s t i c s  a r e  
shown t o  agree  favorably  wi th  va lues  i n  t he  l i t e r a t u r e  c i t e d  f o r  
t he  Rover nuc lea r  rocke t  r e a c t o r s ,  
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I, - Summary 
1,1 In t roduc t ion  
A review of t h e  a v a i l a b l e  l i t e r a t u r e  (6 - 14,  17 - 23) on s o l i d -  
- - - -
core nuc lea r  rocke t  propulsion i n d i c a t e s  t h a t  t h e r e  a r e  important  h e a t  
t r a n s f e r  and nuc lea r  cons ide ra t ions  t h a t  should be  i n v e s t i g a t e d  and 
def ined  f o r  an optimum nuc lea r  r e a c t o r  system. Radiat ion s h i e l d i n g  
for the  nuc lea r  r e a c t o r  imposes l a r g e  weight p e n a l t i e s  upon those 
nuc lea r  propulsion r e a c t o r s  which a r e  n o t  a s  compact a s  poss ib l e ,  
e s p e c i a l l y  r a d i a l l y  compact. Compactness f o r  t h e  nuc lea r  r e a c t o r  must 
n o t  decrease t h e  achievable  s p e c i f i c  impulse of t he  rocke t  system. 
This  s p e c i f i c  impulse,  I s p  ( s e c ) ,  i s  d i r e c t l y  p ropor t iona l  t o  t he  
square r o o t  of t h e  rocket-nozzle chamber temperature.  I s p  is  t h e  
s i n g l e  most important  parameter f o r  t h e  rocke t  system and i s  a measure 
of t h e  e f f i c i e n c y  wi th  which the  rocket  engine u t i l i z e s  p r o p e l l a n t .  
Since the hydrogen p rope l l an t  may comprise 90% of t h e  e n t i r e  system 
weight,  smal l  improvements i n  I s p  mean l a r g e  sav ings  i n  t o t a l  weight .  
Compactness of r e a c t o r  core  means a sav ings  i n  t he  l a r g e  s h i e l d i n g  weight 
pena l ty ,  I n  terms of t o t a l  weight i n  e a r t h  o r b i t  (WIEO) f o r  a manned 
mission f o r  Mars, t o  be  assembled i n  o r b i t ,  t he se  t y p i c a l  mission weight 
s e n s i t i v i t y  r e l a t i o n s  a r e  found (36): - one second I s p  = 3000 l b s  WIEO 
and one Ib, engine weight = 16 l b s .  WIEO. This  means t h a t  an improve- 
ment i n  I s p  by one second w i l l  reduce WIEO by 3000 l b s ;  one l b .  i nc rease  
i n  engine weight w i l l  i nc rease  WIEO by 16 l b s .  
A very  compact r e a c t o r  can be  designed such t h a t  a l l  por1:ion.s 
of a  r e p r e s e n t a t i v e  core  coolant  channel ope ra t e  a t  t h e  maximum 
temperatures t h a t  m a t e r i a l s  c o n s t r a i n t s  w i l l  a l low.  Therefore 
compactness and maximum I s p  can r e s u l t .  Such a  compact r e a c t o r  
should have a  very  f a s t  spectrum and the  r e a c t i v i t y  worth of the hydrogen 
i n  both r e f l e c t o r  and r e a c t o r  core needs t o  be  def ined .  
1 .2  Heat Transfer  Considerat ions 
-
1 .2 .1  Temperature Ano maly 
Previous h e a t  t r a n s f e r  s t u d i e s  (6 ,  - - 8, 11, 17, 2) f o r  t he  nue lea r  
rocke t  have used a  v a r i e t y  of h e a t  t r a n s f e r  c o r r e l a t i o n s  f o r  the 
t u rbu len t  flow of hydrogen i n  t he  r e a c t o r  core  coolant  channels .  A 
c a r e f u l  s tudy  of t hese  repor ted  r e s u l t s  shows t h a t  t h e  c o r r e l a t i o n s  
a l l  p r e d i c t  a  w a l l  temperature ano maly t h a t  could s e r i o u s l y  l i m i t  f u l l -  
power, s t eady- s t a t e  design performance. For combinations of h igh  power 
d e n s i t y  and low i n l e t  bu lk  coolant  temperatures ,  a  w a l l  temperature 
d i s t r i b u t i o n  may be  predic ted  t h a t  e x h i b i t s  an unusual behavior  i n  t he  
core i n l e t  reg ion  wi th  r e spec t  t o  bulk  coolant  temperature: t he  w a l l  
temperature decreases  a s  t h e  bulk  coolant  temperature i n c r e a s e s ,  
It can be shown t h a t  c o r r e l a t i o n s  which show t h i s  e f f e c t  w i l l  p r e d i c t  
very l a r g e  inc reases  i n  i n l e t  w a l l  temperature a s  t he  bulk  t e~npe ra tu re  
i s  decreased a t  cons tan t  power. This  means, i f  t h e  anomaly a c t u a l l y  
e x i s t s  and i s  n o t  a  c o r r e l a t i o n a l  d e f e c t ,  t h a t  ope ra t ion  a t  100% of 
design power would be  impossible  because reduct ions  i n  i n l e t  bu lk  
temperature,  always p o s s i b l e  a t  f u l l  power ope ra t ion ,  could cause 
f u e l  element mel t ing  o r  f a i l u r e .  Some experimental  evidence t e n t a t i v e l y  
suppor ts  t he  ex i s t ence  of t h i s  temperature e f f e c t  (A) al though t h i s  
expe r i  mental evidence was n o t  taken a t  t he  condi t ions  of h igh  power 
d e n s i t y ,  h igh  w a l l  temperature,  and very low bulk  coolant  temperatures  
p red ic t ed  f o r  nuc lea r  rocke t  channel condi t ions .  
1 , 2 , 2  Heat Transfer  Optimizat ion 
Compact nuc lea r  rocke t  r e a c t o r s  r e q u i r e  t h a t  t h e  core  power p r o f i l e  
be  optimized such t h a t  a l l  po r t i ons  of t he  core ope ra t e  a t  t he  h i g h e s t  
temperature t h a t  m a t e r i a l s  c o n s t r a i n t s  w i l l  al low. A computer program, 
M P O W ,  was w r i t t e n  t h a t  would c a l c u l a t e  t he  optimum a x i a l  power p r o f i l e  
by maxlnizing t h e  power d e n s i t y  s u b j e c t  t o  t h r e e  c o n s t r a i n t s :  (1 . )  
maximum s t r e s s ,  (2 . )  maximum f u e l  c e n t e r l i n e  temperature,  and (3 . )  maxi- 
mum wa14 temperature.  The computer program proceeds a long  a r e p r e s e n t a t i v e  
coolant channel and a t  each channel p o s i t i o n  c a l c u l a t e s  t h r e e  power 
d e n s i t i e s :  (1 . )  P = power d e n s i t y  t h a t  w i l l  g ive t h e  maximum s t r e s s ,  
s 
(2,) Pc = power d e n s i t y  t h a t  assumes t h a t  t h e  f u e l  c e n t e r l i n e  is  a t  
i t s  maximum temperature,  and (3.)  Pw = power dens i ty  t h a t  assumes t h a t  
t h e  channel w a l l  i s  a t  i t s  maximum temperature.  The s m a l l e s t  of Ps,  
PC, Pw i s  s e l e c t e d  a s  t he  maximum power dens i ty ,  P, a t  each channel 
p o s i t i o n  be fo re  proceeding f u r t h e r  a long t h e  channel.  
The r e a c t o r  co re  wi th  t h e  h i g h e s t  a l lowable average power d e n s i t y  
has t h e  h ighes t  e x i t  temperature and t h e  s h o r t e s t  channel l eng th .  The 
- .  
exit temperature p l u s  t h e  given flow r a t e  pe r  channel determine t h r u s t  
per  channel s o  t h a t  f o r  a given,  f i x e d  t o t a l  t h r u s t ,  t h e  h i g h e s t  average 
power d e n s i t y  r equ i r e s  t h e  l e a s t  number of channels.  The optimum 
power p r o f i l e  i s  r a d i a l l y  uniform and t h e  core  r ad ius  i s  d i r e c t l y  
p ropor t iona l  t o  t h e  square  r o o t  of t h e  t o t a l  number of channels ,  
Therefore ,  MAXPOW def ines  t he  most compact r e a c t o r  core  f o r  a  given 
t o t a l  t h r u s t  and given flow r a t e  per  channel.  
Ca lcu la t ions  of t h e  s t r e s s - l i m i t e d  power dens i ty ,  Ps, r equ i r e s  
an inve r s ion  of t h e  p l ane - s t r a in  r e l a t i o n s h i p s  f o r  c y l i n d r i c a l  
geometry. Calcu la t ion  of t h e  f u e l  cen te r l i ne - l imi t ed  power dens i ty ,  
PC, r e q u i r e s  an inve r s ion  of t h e  s t eady- s t a t e  h e a t  conduction equat ion ,  
The c a l c u l a t i o n  of t he  w a l l  temperature- l imited power d e n s i t y ,  P,, 
and c a l c u l a t i o n  of a l l  t h e  w a l l  temperatures by MAXPOW r e q u i r e s  t h a t  
t he  t u r b u l e n t  hydrogen h e a t  t r a n s f e r  c o r r e l a t i o n  b e  known. A 
comparison can thus  be made of t he  e f f e c t  t h a t  c o r r e l a t i o n a l  form has 
upon p red ic t ed  optimum a x i a l  power p r o f i l e s .  
1 .2 .3  E f f e c t  of C o r r e l a t i o n a l  Form Upon P red ic t ed  Optimum Power Shapes 
Four h e a t  t r a n s f e r  c o r r e l a t i o n s  f o r  t u r b u l e n t  hydrogen f l o w  were 
examined. These fou r  were s e l e c t e d  pr imari ly  because of t h e i r  
a s s o c i a t i o n  wi th  e i t h e r  previous n u c l e a r  rocke t  s t u d i e s  o r  wi th  the 
presen t  NERVA nuc lea r  rocke t  development program. The fou r  c o r r e l a t i o n s  
a r e  : 
( )  N u =  ( 0 . 0 2 3 ) ~ e ~ ~ ' ~ ~ r ~ ~ ' ~ ( ~ / ~ ~ ) ~ ' ~  
(1) Nu = (0.023) ~ e 0 - 8 ~ r ~ . ~  exp - (0.57 - 1.59D/x) (1.4) 
where Nu = Nussf33t number = E, 
K 
h = h e a t t r a n s f e r c o e f f i c i e n t ,  ( f t - l b f  ) 
ft2-sec-OR 
D = channel hydrau l i c  diameter ,  ( f t )  
i 
R ;; thermal conduct iv i ty  of t h e  p r o p e l l a n t ,  ( f t - l b f )  
ft-OR 
R e  = Reynolds number = GD, 
-
G = flow r a t e  pe r  channel per  u n i t  flow a r e a  = w lbm/s /channel) 
( 4 ;  f t~ 
w = flow r a t e  pe r  channel ,  ( lbm/s/channel) 
$L= thermal v i s c o s i t y  of t h e  p r o p e l l a n t ,  (lbm ) 
sec-f t 
Pr -- P r a n d t l  number = ~ c ~  
e = s p e c i f i c  h e a t  of t he  p r o p e l l a n t ,  ( f t - l b f )  P lbm- O R  
T f  = f i l m  temperature = 112 (T + Tw), (OR) 
T = bulk  coolant  temperature,  (OR) 
T, = channel w a l l  temperature,  (OR) 
x = d i s t a n c e  from core  i n l e t ,  ( f t )  
s u b s c r i p t  f = eva lua t ion  a t  t h e  f i l m  temperature,  and a l l  un- 
s u b s c r i p t e d  v a r i a b l e s  a r e  eva lua ted  a t  t h e  bulk  coolant  temperature.  
A l l  hydrogen p r o p e r t i e s :  P Y  c ~ y  and K ,  a r e  temperature dependent 
and a r e  descr ibed  by cu rve - f i t s  of NASA d a t a  (9 ) .  - 
1.2.4 Heat T rans fe r  Optimizat ion Parametr ic  Survey 
Cor re l a t ions  (1.1) , (1 .2) ,  and (1.3) a l l  p r e d i c t  t he  anomalous 
w a l l  temperature behavior  whi le  Cor re l a t ion  (1.4) does n o t ,  Extensive 
paramet r ic  surveys of Cor re l a t ion  (1 .2 ) ,  r e p r e s e n t a t i v e  of t h e  
11 anomaly" c l a s s  and Cor re l a t ion  (1 .4 ) ,  t he  only  r e p r e s e n t a t i v e  of t he  
I I non-anomaly" c l a s s ,  were performed. The fol lowing nominal parameters 
were used: 
( a )  w = 1.013~10-~1bm/s/channel; repor ted  a s  optimum f o r  
minimum r e a c t o r  weight per  u n i t  flow a r e a  (10). 
(b) F  = t o t a l  t h r u s t  = 250,000 l b f ;  r epo r t ed  i n  an ex tens ive  
nuc lea r  mission opt imiza t ion  s tudy  (2, 13, 14). 
(c)  D = 0.1 inches ;  a l s o  from (12, 13,  14). 
(d) S  = maximum s t r e s s  = 5000 p s i a  (10) .  - 
( e )  TFMAX = maximum f u e l  c e n t e r l i n e  temperature = 5500 O R  (LO). -
and ( f )  TWMAX = maximum channel w a l l  temperature = 5000 "R (lo), - 
Figure 1-1 shows t h e  optimum power p r o f i l e s  p red ic t ed  by 
Cor re l a t ion  (1.2) a s  a  func t ion  of t h e  core  void  f r a c t i o n ,  Figures  
1-2 and 1-3 show t h e  w a l l  and f u e l  c e n t e r l i n e  temperature d i s t r i b u t i o n s  
a s soc i a t ed  wi th  these  optimum power p r o f i l e s .  The f l a t  s e c t i o n s  i n  
t h e  power shapes i n  Figure 1-1 a r e  s t r i c t l y  s t r e s s - l i m i t e d  r eg ions ,  
Figures  1-2 and 1-3 must be  compared t o  determine where TFMAX and 
TWMAX a r e  dominant. The w a l l  temperature anomaly i n  Figure 1 -2  i s  
r e f l e c t e d  i n  t h e  f u e l  c e n t e r l i n e  temperature d i s t r i b u t i o n s  of Figure 
1-3. 
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Figure 1-4 shows t h e  optimum power p r o f i l e s  p red ic t ed  by 
Cor re l a t ion  (1 .4) .  A s  i nd i ca t ed  on t h i s  f i g u r e ,  t he  t h r e e  p r i n c i p a l  
l i m i t s  always fo l low each o t h e r  i n  t h e  sequence: S ,  TFMAX, TldMAX, 
along each core  coolant  channel f o r  t h i s  c o r r e l a t i o n  only. Figure 
1-5 shows t h e  w a l l  temperature d i s t r i b u t i o n s  a s soc i a t ed  wi th  these 
optimum power p r o f i l e s .  No w a l l  temperature anomaly e x i s t s  f o r  this 
c o r r e l a t i o n .  
Table 1-1 summarizes r e p r e s e n t a t i v e  r e s u l t s  of t he  paramet r ic  
survey on Cor re l a t ions  (1.2) and (1 .4) ,  f o r  one s e t  of nominal 
parameters.  I n  t h i s  t a b l e  t h e  fo l lowing  symbols a r e  used: 
D = channel hydrau l i c  d iameter ,  ( i n . )  
Po = core  en t rance  hydrogen p r e s s u r e ,  ( p s i a )  
w = channel flow r a t e ,  (lbm/s/channel) 
To = core en t rance  hydrogen temperature,  (OR) 
F = t o t a l  t h r u s t  l e v e l ,  ( l b f )  
T =  void f r a c t i o n  = hydrogen f r e e  flow f r a c t i o n  
LC = channel t o t a l  l e n g t h ,  ( f t )  
Rc = core  r a d i u s ,  ( f t )  
I s p  = s p e c i f i c  impulse,  ( sec . )  
(w)= t o t a l  flow r a t e ,  (lbm/s) 
N z t o t a l  number of core  channels 
P t o t  = t o t a l  core  power, (MW) 
8 P ,  = t o t a l  core  p re s su re  drop,  (p s i a )  
and Anoz. = t h r o a t  a r e a  of t h e  converging-diverging rocket  
nozz le ,  ( f t 2 ) .  
Table 1-1 
Parametr ic  Survey, Optimized Reactor C h a r a c t e r i s t i c s *  
*See preceding d i scuss ion  f o r  explana t ion  of symbols. 
3 = 0 . 1  i n . ,  Po = 1200 p s i a ,  w = 1.013 x lo-' lbm/s/channel,  
T o  = 300°R, F = 250,000 l b f  
Cor re l a t ion  (1.2) : 
Cor re l a t ion  (1.4) :  
T-I LC RC I ~ P  
P t o t  
(Il.1w) 
- 
(w'7 P t o t  
Anoz. 
(ft.2) 
Anoz. 
( f t 2 )  
-
1.2.5 Heat-Transfer Optimizat ion Conclusions 
The major conclusions of t h e  h e a t  t r a n s f e r  paramet r ic  surveys 
are : 
(1) The d e t a i l e d  power and temperature d i s t r i b u t i o n s  f o r  an 
optimum nuc lea r  rocke t  r e a c t o r  core  a r e  very  dependent upon t h e  
p a r t i c u l a r  mathematical form of t h e  h e a t  t r a n s f e r  c o r r e l a t i o n  used. 


This  i s  e s p e c i a l l y  t r u e  i n  t h e  core  i n l e t  reg ion  where l a r g e  power 
d e n s i t i e s  and low bulk  coolant  temperatures  a r e  p red ic t ed  f o r  nuclear 
rocke t  opera t ion .  
(2) Despi te  t h e  s e n s i t i v i t y  of l o c a l  optimum r e a c t o r  channel 
c h a r a c t e r i s t i c s  t o  t h e  p a r t i c u l a r  c o r r e l a t i o n  used, t h e  t o t a l  l eng th ,  
r a d i u s ,  and s p e c i f i c  impulse f o r  an optimum n u c l e a r  rocke t  r e a c t o r  
core  apparent ly  depend only upon f o u r  gross  engineer ing  parameters:  
( a )  w, f low r a t e  per  channel;  (b) F, t o t a l  t h r u s t ;  (c )  D,  channel 
hydrau l i c  diameter ;  and (d) 9 , r e a c t o r  core void f r a c t i o n ,  
(3) For t h e  nominal parameters c i t e d i n  Sec t ion  1 .2 .4 ,  the 
"best" case  was found t o  be f o r  r )  = 0.6. The fol lowing 
optimum c h a r a c t e r i s t i c s  f o r  cases  wi th  r )  = 0.6 were der ived  and are 
shown i n  Table 1-2: 
( a>  I s p  = i d e a l ,  vacuum s p e c i f i c  impulse = 843-929 s e e .  
(b ) LC = t o t a l  r e a c t o r  core  channel l eng th  = 1.10-2-80 ft, 
(c) D = r e a c t o r  core  diameter = 1.78-1.84 f e e t ,  C 
(4) I f  a  lower flow r a t e ,  w = 1.013 x lom3 l b m / s / c ~ a n n e J ,  o r  
a  l a r g e r  hydrau l i c  channel diameter ,  D=0.2 inches ,  a r e  used,  then the 
I s p  d id  i n c r e a s e  t o  954 s e c . ,  b u t  "pancake" core  con f igu ra t ions  r e s u l t .  
The "pancake" w i l l  have Lc/Dc = 0.38, t y p i c a l l y .  
(5) The s e l e c t i o n  of r e a c t o r  cores  wi th  r ) =  0.6 appear t o  
be  favored by the  r e s u l t s  of t h i s  h e a t  t r a n s f e r  a n a l y s i s .  The 
s u i t a b i l i t y  of t hese  "best"  optimum power p r o f i l e s  depends heavily upon 
t h e  a c t u a l  magnitude of t h e  temperature anomaly, i f  it does e x i s t  and 
T a b l e  1-2 
"PBest lYases  f o r  t h e  P a r a m e t r i c  Heat-Transfer  Opt imiza t ion  Survey 
"87 0.6 f o r  a l l  t h e  c a s e s  below and F = 250,000 l b f  
C o r r e l a t i o n  (1.2) : 
-- 
w D Po To LC Rc (w) P t o t  8 I S ~  
( p s i 4  (set) 
- 
C o r r e l a t i o n  (1 .4)  : 
i f  i t  i s  n o t  due t o  a  c o r r e l a t i o n a l  de fec t .  While a  temperature anomaly 
has  been found (k), t h e  e x t r a p o l a t i o n  of e x i s t i n g  c o r r e l a t i o n s  must 
b e  regarded a s  t e n t a t i v e  and u n r e l i a b l e  u n t i l  a  t u rbu len t  hydrogen 
h e a t  t r a n s f e r  c o r r e l a t i o n  i s  repor ted  which can exper imenta l ly  confirm. 
o r  deny t h e  anomaly e f f e c t .  Some of t h e  c o r r e l a t i o n s  cover t h e  range 
of w a l l  and bulk  coolant  temperatures  p red ic t ed  f o r  nuc lea r  rocke t  
ope ra t ion ,  b u t  n o t  a l l  combinations of t hese  temperatures have been 
v e r i f i e d .  
1 . 3  Nuclear Considerat ions 
- 
1.3 .1  The Nuclear Reactor Model 
Previous nuc lea r  rocke t  r e a c t o r  s t u d i e s  (9, 10) have demonstrated 
t h e  r e a c t i v i t y  importance of hydrogen i n  such r e a c t o r  co re s ,  b u t  none 
have repor ted  t h e  r e a c t i v i t y  e f f e c t  of hydrogen be ing  a l s o  p re sen t  ta 
t h e  r e f l e c t o r .  The compact n u c l e a r  r e a c t o r s  s tud ied  i n  t h i s  t h e s i s  
have very  f a s t  s p e c t r a  and hydrogen i n  t he  r e f l e c t o r  of such r e a c t o r s  
can have a  s i g n i f i c a n t  r e a c t i v i t y  con t r ibu t ion  because of  t h e  importance 
of t h e  r e l a t i v e l y  few neutrons which a r e  moderated t o  thermal e n e r g i e s ,  
I n  o rde r  t o  c a l c u l a t e  t h e  hydrogen r e a c t i v i t y  worth and neutron 
physics  c h a r a c t e r i s t i c s  of a  s e r i e s  of t h e  optimum r e a c t o r s  s t u d i e d  i n  
t h i s  t h e s i s ,  t h e  fol lowing nuc lea r  r e a c t o r  model was used: 
(1) The r e a c t o r  i s  r e f l e c t e d  r a d i a l l y  and on the  r e a c t o r  core 
i n l e t  end by a  bery l l ium r e f l e c t o r  whose d e n s i t y  was ad jus ted  t o  a l l o w  
the  presence of hydrogen a t  s t eady- s t a t e  condi t ions .  The r e f l e c t o r  
th ickness  i s  chosen t o  be  6 inches (15.25 cm.), r epo r t ed  a s  optimum f o r  
minimum r e a c t o r  core  weight per  u n i t  flow a r e a  (33).  - 
(2) The r e a c t o r  core  dimensions a r e  determined by the  hea t -  
t r a n s f e r  op t imiza t ion  d iscussed  above. These dimensions a r e  based upon 
the nominal parameters  c i t e d  i n  Sec t ion  1.2.4 and a r e  i n  t h e  ranges 
reported i n  conclusion (3) of Sec t ion  1.2.5.  
( I S )  The r e a c t o r s  a r e  uniformly-loaded wi th  uranium -235. There 
i s  a uniform hydrogen d i s t r i b u t i o n  i n  t h e  r e f l e c t o r  and a  non-uniform 
hydrogen d i s t r i b u t i o n  i n  t h e  r e a c t o r  core  a s  c a l c u l a t e d  by WAXPOW f o r  
the  hea t - t r ans fe r  op t imiza t ion ,  d i scussed  above. 
( 4 )  C r i t i c a l i t y  is assumed t o  occur wi th  a l l  hydrogen be ing  
present i n  t h e  r e a c t o r .  Therefore no e x t r a  uranium has  been allowed 
f o r  c o n t r o l  and these  ca l cu la t ed  c r i t i c a l  masses a r e  lower than i f  t h e  
hydrogen moderation had n o t  been u t i l i z e d .  
(5) A l l  nuc l ea r  c a l c u l a t i o n s  a r e  performed wi th  t h e  
EXTERMINATOR-2 (38) - mult igroup,  d i f fus ion- theory  code. The nuc lea r  
c ross  s e c t i o n s  a r e  taken from t h e  16-group LASL s e t  (37).  
- 
1.3 .2  Cor re l a t ions  of t h e  Heat-Transfer Optimum Nuclear 
Reactor C h a r a c t e r i s t i c s  
The very  h igh  leakage f o r  t hese  compact nuc lea r  r e a c t o r s  makes 
i t  reasonable t h a t  a l l  of t h e  important  c h a r a c t e r i s t i c s  can be  
c o r r e l a t e d  a g a i n s t  geometr iqal  buckl ing,  ~ 2 ,  def ined by Equation (1 .5) :  
Here LC = channel l eng th  [cm] and Rc = core  r ad ius  [cm] a s  c a l c u l a t e d  
f o r  t he  compact, h e a t - t r a n s f e r  optimum, nuc lea r  rocke t  r e a c t o r s .  
Table 1-3 summarizes t h e  cases  i n v e s t i g a t e d  f o r  t h e  nuc lear  
c a l c u l a t i o n s .  The only previous ly  undefined symbol i n  t h i s  t a b l e  i s  
Tm = mean temperature PR) of t h e  hydrogen i n  t h e  r e f l e c t o r .  The 
sequence A-D w i l l  i l l u s t r a t e  t h e  t rade-off  i n  I s p  and compactness ( t h e  
r e a c t o r  core  s i z e  i nc reases  and I s p  decreases  from A t o  D)  f o r  decreased 
c r i t i c a l  mass requirement and increased  t o t a l  hydrogen r e a c t i v i t y  worth,  
I n  p a r t i c u l a r  t h e  change i n  hydrogen s p e c i f i c  worth ($/KgH2) with 
~2 i s  very  w e l l  i l l u s t r a t e d  by t h e  A-D sequence (shown i n  a  fol lowing 
f i g u r e ) .  Cases A, E and F a r e  "best" cases  wi th  high I s p .  Case E 
w i l l  i l l u s t r a t e  t h e  e f f e c t s  of a  decreased hydrogen d e n s i t y  i n  t h e  
r e f l e c t o r  i n  comparison t o  Case A. Case F i s  a  "pancake" core r e s u l t i n g  
from a  "low" flow r a t e  one-tenth t h a t  of t he  o the r  cases .  
Table 1-4 summarizes t h e  c r i t i c a l  core  c h a r a c t e r i s t i c s  f o r  the 
n ine  r e a c t o r  cases  s tud ied .  The square c y l i n d r i c a l  r e a c t o r s ,  Lc/2R, 
approximately u n i t y ,  have c r id- ica l  masses i n  t h e  range 66 - 223 R g" 
A decreased r e f l e c t o r  d e n s i t y ,  r e f l e c t o r  void f r a c t i o n  C$ =0.30, 
i n c u r s  a  +30% c r i t i c a l  mass pena l ty  wi th  r e spec t  t o  t h e $ )  i +0.15 
r e f l e c t o r s ,  of approximately 50 - 63 Kg.  The pancake core ,  Case P, 
has  t h e  l a r g e s t  c r i t i c a l  mass c a l c u l a t e d ,  737 Kg. This pancakeness 
means increased  f a s t  leakage from the  un re f l ec t ed  rocket-nozzle end 
and a  l a r g e  c r i t i c a l  mass pena l ty .  The ma jo r i t y  of t hese  c r i t i c a l  
masses a r e  lower than t h a t  repor ted  f o r  t h e  Phoebus - 2A r e a c t o r  ( 4 6 1 ,  - -- 
which is  300 Kg. This  Phoebus c r i t i c a l  mass, however, i s  repor ted  t o  
have a  l a r g e  amount of r e a c t i v i t y  t i e d  up i n  niobium carb ide  which was 
n o t  s tud ied  i n  t h i s  t h e s i s .  
R
ea
ct
or
 C
as
es
 C
on
si
de
re
d 
fo
r 
H
yd
ro
ge
n 
R
ea
ct
iv
it
y
 W
or
th
 C
om
pu
ta
ti
on
s*
 
C
as
e 
A -
 
B -
 
c -
 
D -
 
E -
 
F -
 
W
 D "I Po To Tm LC
 
R
c 
IS
P
 
< w)
 
P
to
t.
 
(i
n.
 ) 
(p
si
s)
 
(O
R)
 
(O
R)
 
(f
t.
1 
(f
t.
1 
(s
ec
. )
 
(lb
m
ls
 . )
 
(M
w) 
*
N
ot
e:
 
1
. 
C
as
es
 c
o
n
s
id
er
ed
 w
hi
ch
 h
av
e 
a
 
be
ry
ll
iu
m
 r
e
fl
ec
to
r 
w
it
h 
85
%
 d
en
se
 b
er
yl
li
um
 a
n
d 
15
%
 
v
o
id
 f
ra
ct
io
n
 (
hy
dr
og
en
 f
ra
ct
io
n
) 
a
r
e
 d
es
ig
na
te
d 
A
.1
5,
 
B
.1
5,
 
e
tc
. 
2.
 
C
as
es
 c
o
n
s
id
er
ed
 w
hi
ch
 h
av
e 
a
 b
er
yl
li
um
 r
e
fl
ec
to
r 
w
it
h 
70
%
 d
en
se
 b
er
yl
li
um
 a
n
d 
30
%
 
v
o
id
 f
ra
ct
io
n
 a
r
e
 d
es
ig
na
te
d 
A
. 
30
, 
B
.3
0,
 
C
.3
0.
 
0 0 C) 
3 3 
I I  
I1 II 
1 
3 0 1  
X X U  
Figure 1-6 shows c r i t i c a l  uranium concent ra t ions  p l o t t e d  a g a i n s t  
B~ A s  expected,  c r i t i c a l  uranium concent ra t ion  inc reases  wi th  
B~ because t h e  r e l a t i v e  leakage inc reases  a s  t h e  r e a c t o r  volume 
2 decreases .  It i s  i n t e r e s t i n g  t o  no te  t h a t  f o r  B g r e a t e r  than 70 x 
I O - ~  cmm2 both c r i t i c a l  uranium t r ends ,  cha rac t e r i zed  by t h e  va lue  
of t h e  r e f l e c t o r  void f r a c t i o n ,  e x h i b i t  an almost l i n e a r  dependence 
upon ~ 2 .  A probable explana t ion  f o r  t h i s  behavior  i s  t h a t  t he  h igh  
energy neut rons ,  which a r e  r e spons ib l e  f o r  t he  ma jo r i t y  of f i s s i o n s  
and Leakage, do n o t  "see" t h e  bery l l ium r e f l e c t o r  i n  t he  sense  t h a t  
s i g n i f i c a n t  moderation of t hese  h igh  energy neutrons does n o t  take  
place i n  t h e  r e f l e c t o r .  The core  f l u x  d i s t r i b u t i o n s  f o r  t h e s e  h igh  
energy groups t h e r e f o r e  have s i m i l a r  s p a t i a l  shapes,  o r  buckl ings ,  
and the l i n e a r  behavior  of c r i t i c a l  concent ra t ions  wi th  B~ r e s u l t s  
j u s t  as f o r  un re f l ec t ed ,  one-group r e a c t o r s  (2). 
Figure 1-7 shows t h e  t o t a l  r e a c t i v i t y  worth f o r  t he  r e f l e c t o r  
hydrogen, d kt r ,  and core  hydrogen A kt,, c o r r e l a t e d  a g a i n s t  B 2 . 
This  f i g u r e  demonstrates t h a t  t h e  t o t a l  r e f l e c t o r  hydrogen worth can 
be  more than t h r e e  times t h e  core  hydrogen con t r ibu t ion .  For 
example, case A.30 has A k t r  = 7.70$ and b k t c  = 2.53$ ,  one $ = 
0.0064 + This  occurs  because of t h e  g r e a t e r  average d e n s i t y  of 
hydrogen i n  t h e  r e f l e c t o r .  Also f o r  t h e  r e f l e c t o r  th ickness  assumed, 
t h e  r e f l e c t o r  volume i s  a s i z e a b l e  f r a c t i o n  of t h e  core  volume and 
the s t eady- s t a t e  number of hydrogen atoms i n  t h e  r e f l e c t o r  is  g r e a t e r  
than the  t o t a l  number i n  t h e  core .  The t o t a l  A k con t r ibu ted  by 
- 
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hydrogen f o r  t h e  = 0.15 r e a c t o r s  ranges from 6.95$ f o r  A.15 t o  
9.95$ f o r  D.15. Case E.15 has  D k  = 4.15$ because of t h e  decreased 
r e f l e c t o r  hydrogen dens i ty .  The = 0.30 r e a c t o r  cases  have d k 
ranging from 10.23$ f o r  A.30 t o  11.26$ f o r  C.30. A l l  of t h e  core 
va lues  f o r  A k t c  f o r  a l l  n ine  cases  a r e  i n  t h e  range 2.36$ t o  4 , 6 3 9 ,  
The repor ted  va lue  of t h e  core  hydrogen r e a c t i v i t y  worth f o r  Phoebus- 
2A i s  3.30$ (%), f o r  K i w i  is  2$ (48) ,  - and f o r  t h e  NRX-A2 (1120 MW, 
71 lbm/s) (47) - i s  1.73$. However, t h e  va lue  of delayed neut ron  
f r a c t i o n  f o r  t hese  r e a c t o r s  i s  repor ted  by M i l l s  (48) t o  be computed 
a s  one $ = 0.0074 A& s o  t h a t  t h e  va lues  repor ted  i n  t h i s  t h e s i s  
should be  lowered by a  f a c t o r  of 0.865 f o r  comparison. No s p e c i f i c  
va lue  f o r  r e f l e c t o r  hydrogen worth has been repor ted  i n  t he  l i t e r a t u r e ,  
Figure 1-7 i n d i c a t e s  t h a t  t h e r e  is  a  d e f i n i t e  t r end  of decreas ing  
t o t a l  hydrogen r e a c t i v i t y  c o n t r i b u t i o n  a s  B2 i nc reases .  However, 
t h e r e  a r e  a c t u a l l y  d i f f e r e n t  amounts of hydrogen p re sen t  from case 
t o  case  and t h e  t r end  i n  Figure 1-7 only shows the  e f f e c t  of a 
2  decreas ing  amount of t o t a l  hydrogen a s  B i nc reases .  The sma l l e r  
- 
cores  wi th  l a r g e  B2 have sma l l e r  t o t a l  hydrogen masses. 
Figure 1-8 shows t h e  normalized r e a c t i v i t y  c o n t r i b u t i o n s  f o r  
r e f l e c t o r  hydrogen, 
A k t r  , and core  hydrogen dktc a The s p e c i f i c  
hydrogen worth, a s  expressed i n  terms of ($/KgH2), e x h i b i t s  the  
oppos i te  t r ends  shown i n  Figure 1-7. From Figure 1-8 one can s e e  that 
t he  e f f e c t i v e n e s s  of a  u n i t  mass of hydrogen inc reases  a s  B2  i nc reases .  
The r e l a t i o n s h i p  d isp layed  by 
and 7 enabled the  fol lowing 
s t r a i g h t - l i n e  cu rve - f i t s  t o  be  ca l cu la t ed :  

where Aktr  = t n )  , ($/KgH2) 
T o t a l  r e f l e c t o r  hydrogen 
= _. d k  ( t o t a l  hydrogen) , ($/KgH2) 
To ta l  hydrogen 
and = r e f l e c t o r  void f r a c t i o n .  M i l l s  (48) - r e p o r t s  t h a t  the 
average worth of hydrogen i n  t h e  K i w i  nuc lear  r e a c t o r  i s  worth 
approximately 5$/KgH2 (one $ = 0.0074 A k ) which compares favorab1.y 
k 
with  the  values of - shown i n  Figure 1-8 which a r e  i n  the  range 
d k  Ak 3.83 ($/KgH2) t o  7.16 ($/KgH2) (one $ z 0.4064 - > 
Figure 1-9 shows t h a t  t h e  mean leakage ene rg ie s ,  - , and mean 
energy of neutrons causing f i s s i o n ,  E ~ ,  defined below, inc rease  
a s  B~ i nc reases  s o  t h a t  Figure 1-8 apparent ly  shows t h a t  hydrogen 
inc reases  i n  r e a c t i v i t y  worth a s  t h e  average energy of t h e  system 
inc reases .  This is  puzzl ing a t  f i r s t  s i g h t  because the  t o t a l  s c a t t e r i n g  
cross  s e c t i o n  f o r  hydrogen decreases a s  the  average neutron energy 
inc reases  (37) .  - However, Figure 1-6 shows t h a t  t he  uranium concent ra t ion  
2 i nc reases  wi th  B and comparison wi th  t h e  curves f o r  A k t c  in 

Figure 1-8 shows a d e f i n i t e  s i m i l a r i t y  i n  t he  shapes of c r i t i c a l  uranium 
versus  B2 and ktc versus  B2. This  i s  probably n o t  a coincidence.  
Lamarsh (39) - r e p o r t s  t h a t  hydrogen inc reases  i n  moderating e f f e c t i v e n e s s  
i n  t h e  presence of uranium. Uranium has  i n e l a s t i c  s c a t t e r i n g  which 
al lows hydrogen t o  "see" an increased  a v a i l a b l e  f l u x  due t o  f a s t  
neut rons  which a r e  i n e l a s t i c a l l y  downscattered i n t o  an energy range 
f o r  which hydrogen i s  very  e f f e c t i v e  f o r  f u r t h e r  moderation. I t  i s  
t h e r e f o r e  concluded t h a t  t h e  t r ends  i n  Figure 1-6 a r e  t h e  r e s u l t  of  
I 
uranium i n e l a s t i c  s c a t t e r i n g  and t h e  inc rease  i n  c r i t i c a l  uranium 
concent ra t ion  wi th  inc reas ing  ~ 2 .  
The d e f i n i t i o n s  of and E i n  Figure 1-9 a re :  P 
where = average energy of neut rons  i n  group i, taken from t h e  1 
LASL c ros s  s e c t i o n  s e t  (37) ,  
Li = t o t a l  number of neut rons  leaking  ou t  i n  energy group i, 
and Pi = t o t a l  number of neutrons produced b~ f i s s i o n  i n  
-
energy group i, neut rons) .  
s e c  ] 
Figure 1-10 shows t h e  r e s u l t s  of c o r r e l a t i o n  of t o t a l  r e f l e c t o r  
hydrogen dens i ty  versus  t o t a l  r e f l e c t o r  hydrogen r e a c t i v i t y  worth f o r  
cases  A , 1 5  and A.30. Over t he  range from 25% t o  100% of s teady-  
state hydrogen concent ra t ion ,  one can conclude t h a t  t h e  t o t a l  hydrogen 
worth i n  t h e  r e f l e c t o r  i s  d i r e c t l y  p ropor t iona l  t o  t h e  average hydrogen 
concent ra t ion  i n  t h e  r e f l e c t o r .  L i t t l e  (9) found t h a t  t he  t o t a l  
r e a c t i v i t y  con t r ibu t ion  f o r  average amounts of hydrogen i n  t h e  core 
s f  nuclear rocket  r e a c t o r s ,  of t h e  same composition a s  t h e  ones 
s tud ied  i n  t h i s  t h e s i s ,  a l s o  has a  l i n e a r  r e l a t i o n s h i p  t o  t o t a l  re- 
a c t i v i t y  worth. This  would sugges t  t h a t  s i m i l a r  phys i ca l  processes  
are producing analogous r e s u l t s .  The phys i ca l  processes  i n  t h i s  case 
a r e  due t o  f a s t  neutron down-scattering by hydrogen i n  t h e  presence 
of  uranium, 
I n  add i t i on  t o  hydrogen r e a c t i v i t y  c h a r a c t e r i s t i c s  f o r  t hese  
compact co re s ,  s e v e r a l  c a l c u l a t i o n s  were made t o  e s t ima te  t h e  r e a c t i v i t y  
l o s s e s  caused by core  thermal expansion and l o s s  of carbon by hydrogen 
co r ros ion ,  For a  thermal expansion of t h e  r e a c t o r  core  corresponding 
t o  dT '=500O0~ a t o t a l  A k  = -0.78$ t o  -1.45$ was ca l cu la t ed .  

This  va lue  compares very  w e l l  t o  va lues  c i t e d  i n  t he  l i t e r a t u r e  f o r  
the Rover nuc lea r  rocke t  r e a c t o r s  (46, 47, 48). Carbon d e l e t i o n  from 
she r e a c t o r  core channels was c a l c u l a t e d  t o  be  worth -0.2161 ($/K C) g 
t o  -0.3150 ($/KgC). I f  t h e  hydrogen cor ros ion  r a t e  f o r  unprotected 
g raph i t e  (2) i s  assumed, unacceptably h igh  r a t e s  of r e a c t i v i t y  l o s s  
w i l l  occur ,  t y p i c a l l y  a  r a t e  of -70$/min would r e s u l t .  An e s t ima te  
f o r  acceptab l e  cor ros ion  r a t e s  showed t h a t  coa t ing  m a t e r i a l s  must 
%reduce hydrogen-caused carbon l o s s e s  t o  approximately 0.10% of t h e  
unprotected r a t e .  
L, 4 Conclusions 
From t h e  nuc lea r  c a l c u l a t i o n s  i t  can b e  concluded t h a t :  
(13 For such compact nuc lea r  rocke t  r e a c t o r s ,  t h e  r e a c t i v i t y  
worth of hydrogen i n  t he  r e f l e c t o r  can be s i g n i f i c a n t l y  g r e a t e r  than 
the  r e a c t i v i t y  worth of hydrogen i n  t h e  core.  
( 2 )  The t o t a l  worth of r e f l e c t o r  hydrogen is  d i r e c t l y  
p ropor t iona l  t o  t he  average hydrogen concent ra t ion  i n  t h e  r e f l e c t o r .  
( 3 )  The very  d e f i n i t e  c o r r e l a t i o n s  wi th  B~ t h a t  have been 
demonstrated f o r  c r i t i c a l  uranium concent ra t ion  and hydrogen r e a c t i v i t y  
worths could be  very u s e f u l  i n  f u t u r e  opt imiza t ion  s t u d i e s  where an 
accu ra t e  e s t ima te  of c r i t i c a l  mass and t o t a l  hydrogen worth could be  
had without  ex t ens ive  mult igroup c a l c u l a t i o n s .  
(4)  For t h e  r e a c t o r s  i n  t h i s  t h e s i s ,  t h e  s m a l l e s t  r e a c t o r  cores  
have the  h ighes t  I s p ,  h ighes t  c r i t i c a l  mass, and lowest  t o t a l  hydrogen 
worth, Pancake cores  s u f f e r  from two s e r i o u s  disadvantages:  (a )  
g r e a t l y  increased  core  r ad ius  and (b) g r e a t l y  increased  c r i t i c a l  mass. 
Inc reas ing  the  r e f l e c t o r  void f r a c t i o n  f o r  a  given s i z e  r e a c t o r  core 
inc reases  (a )  c r i t i c a l  mass, and (b) t o t a l  hydrogen worth. 
The o v e r a l l  conclusions f o r  t h i s  s tudy  can be summarized as:: 
(1) Compact nuc lea r  rocke t  r e a c t o r s  can s i g n i f i c a n t l y  reduce 
s h i e l d i n g  weight requirements whi le  y i e l d i n g  very  h igh  performance 
( I s p ) .  However, b e t t e r  hea t - t r ans fe r  c o r r e l a t i o n s  a r e  needed f o r  an 
accu ra t e  de te rmina t ion  of non-uniform uranium d i s t r i b u t i o n s  needed 
t o  match des i r ed  power shapes. 
(2) The optimum nuc lea r  r e a c t o r  cores  should have a  length-to- 
diameter r a t i o  nea r  u n i t y  and should have core  void f r a c t i o n s  near  
0.6 because of t h e  I s p  advantage. Large r e f l e c t o r  void f r a c t i o n s  
should be  avoided. 
(3 )  Fur ther  work should b e t t e r  de f ine  t h e  r e f l e c t o r  hydrogen 
d i s t r i b u t i o n  s i n c e  a  major s h a r e  of t he  t o t a l  hydrogen r e a c t i v i t y  
worth can be  due t o  hydrogen t h e r e .  Fur ther  s t u d i e s  should be made 
t o  s e e  i f  t h e  t rends  demonstrated f o r  t h i s  s i m p l i f i e d  nuc lea r  model 
w i l l  s t i l l  hold f o r  a  more p r a c t i c a l  r e a c t o r  t h a t  has  r o t a t i n g  poison 
p l a t e s  i n  t h e  r e f l e c t o r  (27) - f o r  c o n t r o l  and which has s t rong ly  
absorbing s t r u c t u r a l  m a t e r i a l  i n  t h e  core;  f o r  i n s t a n c e ,  niobium (2) 
a s  i n  t h e  Phoebus r e a c t o r  core.  
2 .  I n t roduc t ion  and Problem Statement.  
2,l Nuclear Propulsion.  
The United S t a t e s  i s  c u r r e n t l y  developing a  hydrogen-propelled, 
so l id-core ,  graphite-moderated nuc lea r  rocke t  f o r  such in t e rmed ia t e  
energy missions a s  a  l u n a r  t r a n s f e r  s h u t t l e  i n  t h e  l a t e  1970's  and 
for high energy, manned space missions such a s  a  Mars s topover  o r  f l y -  
by in t he  middle 1980's (16, - - 24).  The nuc lea r  rocke t  is  p o t e n t i a l l y  
several  times more e f f i c i e n t  than p re sen t  hydrogen-oxygen o r  p ro j ec t ed  
hydrogen-fluorine chemical systems f o r  t hese  space missions.  Propulsion 
e f f i c i e n c y  i s  customari ly  expressed i n  terms of t he  s p e c i f i c  impulse,  
Isp, which i s  simply t h e  rocket  e x i t  v e l o c i t y ,  ve [ f t l s e c ] ,  d iv ided  by 
the  a c c e l e r a t i o n  of g r a v i t y  a t  t he  e a r t h ' s  s u r f a c e ,  go = 32.2 f t l s e c :  
ve 
-
ISP = go [seconds ]  ( 2 .1  1 
A momenbum ba lance  on any rocke t  w i l l  y i e l d  a  s ta tement  about t h e  t o t a l  
masses be fo re  and a f t e r  an incrementa l  change i n  v e l o c i t y :  
where % = t o t a l  mass [ lbm ] remaining a f t e r  t h e  rocke t  changes i t s  
v e l o c i t y  by t h r u s t i n g  p r o p e l l a n t ;  t h i s  inc ludes  n u c l e a r  
r e a c t o r  engine,  t h r u s t  s t r u c t u r e ,  empty p rope l l an t  tanks ,  
and any r e s i d u a l  p r o p e l l a n t  p lus  s c i e n t i f i c  payload; 
m, = t o t a l  mass [ lbm ] of e n t i r e  rocke t  system be fo re  chang- 
i n g  v e l o c i t y  and i s  equal  t o  mb p lus  t he  p r o p e l l a n t  ex- 
pended t o  achieve t h e  requi red  v e l o c i t y  change; 
arnd~v, = P ' c h a r a c t e r i s t i c "  v e l o c i t y  increment [ f t / s e c  ] which i s  
the  sum of t he  a c t u a l  v e l o c i t y  increment achieved, A V  
[ f t / s e c  1 ,  p l u s  t h e  l o s s  i n  p o t e n t i a l l y  achievable  velo- 
c i t y  increment due t o  t h r u s t i n g  i n  a  g r a v i t a t i o n a l  f i e l d ,  
def ined  i n  Equation ( 2.4 ) below. 
This "rocket  equation", a s  i t  i s  c a l l e d ,  sometimes i s  w r i t t e n  i n  the 
fol lowing manner t o  emphasize t h e  important  dependence of t he  charae te r -  
i s t i c  v e l o c i t y  upon e x i t  v e l o c i t y  and burn-out r a t i o :  
This  c h a r a c t e r i s t i c  v e l o c i t y  i s  the  sum of t h e  a c t u a l  v e l o c i t y  i ne re -  
ment and the  g r a v i t y  l o s s  i ncu r red  f o r  a  f i n i t e  burn time i n  a gravita-  
t i o n a l  f i e l d  (11) - : 
C---- ( 2 .  s?, 
where YM@ = average va lue  of t h e  g r a v i t a t i o n a l  a c c e l e r a t i o n  [ f t i s e c ]  opposing t h e  motion of a  rocke t  t h r u s t i n g  a t  am angE12 
t o  t he  d i r e c t i o n  of t h e  normal from the  s u r f a c e  o f  t h e  
Ea r th ,  
and kg = t o t a l  time of t h r u s t  o r  "burn time" [seconds] .  Since the nu- 
c l e a r  rocke t ,  a s  p r e s e n t l y  conceived, w i l l  be  assembled i n  a  100 naut i -  
c a l  mile  e a r t h  o r b i t  o r  w i l l  be  t he  upper s t a g e  of a  Sa turn  V - type 
rocke t  (16) ,  a  nominal va lue  of 
- gme is  5 f t l s e ?  f o r  t hese  s i t u a -  
t i o n s  (11, p. 104) and us ing  a  maximum burn time of 1800 seconds f o r  
-
t h e  nuc lea r  engine (13, 2) one can s e e  t h a t  g rav i ty  l o s s e s  can b e  very 
-
important  f o r  h igh  energy missions;  f o r  i n s t a n c e  t h e  minimum requi red  bV 
f o r  a  Mars sof t - landing  i s  31,000 f t l s e c  (g, p. 49) and t h e  d i r e c t -  
i n j e c t i o n  g r a v i t y  l o s s  9,000 f t l s e c  would s u b s t a n t i a l l y  i nc rease  the  
c h a r a c t e r i s t i c  v e l o c i t y .  For mission p lanners ,  t he  g r a v i t y  l o s s  is  a 
pena l ty  i ncu r red  f o r  d i r e c t - i n j e c t i o n  and the  requi red  dV increment is 
a v a r i a b l e  determined by t h e  s e l e c t i o n  of a  t r a n s f e r  f r e e - f l i g h t  t r a j e c -  
t o r y  cons ider ing  t h e  timd of a r r i v a l  a t  t he  p l ane t  o r  t a r g e t  and t h e  
inbound-and outbound-leg t r i p  t imes (15) .  The 31,000 f t l s e c  c i t e d  
- 
abo~se is f o r  a minimum-energy t r a n s f e r  e l l i p s e  c a l l e d  a Hohmann t r a n s f e r ,  
( gk, p, 100 ) which r e q u i r e s  a t r a n s f e r  time of about 9 months ( lS, p. 137 ). 
F a s t e r  t r a n s f e r s  would r e q u i r e  l a r g e r b V 1 s .  Because the  c h a r a c t e r i s t i c  bVe 
is l a r g e  f o r  manned p l ane ta ry  miss ions ,  t he  mission planner  needs a rocke t  
system t h a t  can d e l i v e r  a s  h igh  an e x i t  v e l o c i t y  a s  p o s s i b l e  s o  a s  t o  
decrease the amount of p rope l l an t  needed and t h e r e f o r e  i n c r e a s e  t h e  weight 
of s c i e n t i f i c  and suppor t  payload t h a t  can be  c a r r i e d .  The l a r g e r  t h e  
exit v e l o c i t y ,  t h e  more e f f i c i e n t l y  t he  system u t i l i z e s  p r o p l e l l a n t  mass. 
An energy ba lance  ac ros s  t he  converging-diverging nozz le  of any 
rocke t ,  assuming a d i a b a t i c  and i s e n t r o p i c  flow, y i e l d s  t he  dependence 
of I s p  ( g i v e )  on chamber temperature,  Tc [ 'Rankine 1 and p rope l l an t  
molecular weight ,  M [ lbm - mole 1 ( 25 ) :  
-C I s p  = (7-0 go 
where 7.; r a t i o  of s p e c i f i c  h e a t s  c lc = 1.35 f o r  hydrogen, 
P v 
51 = u n i v e r s a l  gas cons tan t  = 1545.33 f t - l b f  , 
lbm - mole - O R  
and 'T) = i d e a l  nozz le  e f f i c i e n c y .  
G 
The ideal nozzle  e f f ic iency ,?  w i l l  be  taken t o  be u n i t y  i n  t h i s  t h e s i s  C ' 
so that the s p e c i f i c  impulse should be r e f e r r e d  t o  a s  t h e  vacuum s p e c i f i c  
11-r 
impulse, E x p l i c i t l y ,  7 = 1 - ( Pe / Po ) v  and a c u r r e n t  p r a c t i c a l  
C 
value quoted f o r  t h e  inve r se  p re s su re  r a t i o  is 140: l  ( 12 32 ) which 
-9- 
would y i e l d  = 0.7223 and vc= 0.85. The chemical c o n s t i t u e n t s  which 
C 
i n  chemically-powered rocke t s  r e a c t  t o  genera te  t h e  h e a t  a l s o  form t h e  
reaction products ,  which then becomes t h e  p rope l l an t .  I f  hydrogen and 
oxygen burn t o  r e l e a s e  energy, they  form H20 wi th  molecular weight 18. 
The nuc lea r  r o c k e t ' s  advantage i s  t h a t  t h e  nuc lea r  r e a c t o r  provides t h e  
h e a t  whi le  t h e  p r o p e l l a n t  may be  s e l e c t e d  independent ly t o  be hydrogen 
wi th  molecular weight 2. I f  chamber temperatures  a r e  equal ,  t h i s  gives 
a f a c t o r  of p= 3 improvement i n  I s p .  The so l id-core  nuc lea r  rocke t  
is  l i m i t e d  by m a t e r i a l  temperatures  t o  p o t e n t i a l  chamber temperatures 
lower than  those  ache ivable  by chemical rocke t s  s o  t h a t  t h e  advantage 
i n  I s p  i s  no t  i n  t he  exac t  r a t i o  of p rope l l an t  molecular weights;  re- 
l a t i v e l y  t h e  a t t a i n a b l e  I s p ' s  a r e  800 - 900 seconds f o r  so l id-core  
nuc lea r ,  ve r sus  400 - 500 seconds f o r  chemical ( - 2 ) ,  The e f f e c t  of 
t h i s  I s p  improvement upon d e l i v e r a b l e  payload i s  very  mission dependent, 
However, f o r  most missions p r e s e n t l y  conceived t h i s  means a do l~b l ing  of  
e f f e c t i v e  payload. I n  terms of  a l u n a r  landing  f o r  which a Sa turn  V 
permits  a s t a y  time of one day, t he  nuc lea r  rocke t  r ep l ac ing  the  third 
s t a g e  of t he  Sa turn  V would al low a s t a y  time of 100 days. ( 2 $ l 6  
For a manned Mars landing ,  t h e  use of a l l -nuc lea r  versus  al l -chemicai  
propuls ion  can r e s u l t  i n  t he  sav ing  of m i l l i o n s  of pounds f o r  a m i s -  
s i o n  i n i t i a l l y  assembled i n  Ea r th  o r b i t  ( 12 ) . 
-
2.2 The Nuclear Rocket Program 
- 
Since 1950 t h e  United S t a t e s  has  been conducting a research  and 
development program t o  u t i l i z e  nuc lea r  power f o r  space  propuls ion ,  
c a l l e d  P r o j e c t  Rover ( - 2 4  ) ,  The primary system concept is  t o  use the 
nuc lea r  r e a c t o r  core  a s  a s t r a i g h t ,  one-pass (open cyc le)  h e a t  exchanger 
t o  h e a t  hydrogen p rope l l an t  t o  very  h igh  temperatures .  Both m e t a l l i e  
and g raph i t e  r e a c t o r  cores  were considered and g raph i t e  f u e l  elements 
conta in ing  uranium - 235 were decided upon a s  being most favorable  f a r  
e a r l y  development because g raph i t e  had long been used a s  a h igh  tempera- 
t u r e  m a t e r i a l .  The s t rong ,  unfavorable  r e a c t i o n  of g raph i t e  wi th  hot 
hydrogen has  been reduced t o  t o l e r a b l e  c o r r o s i  on l e v e l s  by t h e  devel- 
opment of r e f r a c t o r y  coa t ing  m a t e r i a l s  such as niobium ca rb ide  ( -- 26,27 ) ,  
S p e c i a l  hydrogen furbo-pumps have been developed and optimized f o r  t h e  
nuclear  rocke t  ( - 36 ). A schematic  p i c t u r e  of t h e  nuc lea r  rocke t  system 
is presented i n  Figure 2-1, Hydrogen leaves  the  pump and e n t e r s  t he  
rocket engine system v i a  t he  r egene ra t ive ly  cooled nozz le ,  coo l s  t h e  
beryllium r e f l e c t o r  and i n t e r n a l  s h i e l d ,  e n t e r s  t he  r e a c t o r  co re  where 
i t  1s heated ,  and then  is  acce l e ra t ed  through t h e  converging-diverging 
nozzleB Power f o r  t he  t u r b i n e  t o  d r i v e  t h e  turbo-pumpcomes from h o t  
hydrogen a t  t h e  nozz le  i n l e t  chamber i n  a hot-bleed-cycle system. 
Thermal energy s t o r e d  i n  t h e  system s t a r t s  t h e  pump i n i t i a l l y  i n  a boot- 
s t r a p  opera t ion  ( 26 ) .  
;'sf]-ector and Control    rum/ 
Regeneratively- 
Cooled Nozzle 
I Ref l ec to r  
Shield 
Hydrogen I n  /I- 
Figure 2-1 NERVA Rocket Engine 
from Reference ( 26 ) . 
-
Hydrogen which had been used t o  cool  the  core  suppor t  s t r u c t u r e  formerly 
was exhausted i n t o  the  nozz le  i n l e t  chamber where i t s  coo le r  temperature 
d i l u t e d  t h e  chamber temperature and reduced the  s p e c i f i c  impulse. Now 
a s e p a r a t e  coolan t  c i r c u i t  f o r  t h e  core  support  system al lows an inc rease  
i n  t h e  I s p  of about 25 seconds a t  any chamber temperature ( - 27 ) ,  
P r o j e c t  Rover has  succes s ive ly  designed and developed th ree  s e r i e s  
of nuc lea r  r e a c t o r s :  K i w i ,  NERVA, and Phoebus. K i w i  i s  t h e  name of a 
f l i g h t l e s s  Aus t r a l i an  b i r d  and correspondingly des igna tes  a s e r i e s  0 5  
proto type  r e a c t o r s  never  t o  be flown, and designed t o  prove the  f e a s i -  
b i l i t y  of a hydrogen-cooled, so l id-core ,  graphite-moderated nuc lea r  
r e a c t o r .  Tes t ing  began i n  1959 and ended i n  1964 wi th  the  K i w i  B4D r e a c t o r  
a s  t h e  s u c c e s s f u l  pro to type  f o r  the  succeeding NERVA and Phoebus r e a c t o r  
s e r i e s .  NERVA, an acronym f o r  - Nuclear - Engine f o r  - Rocket Vehicle Appli- 
- - 
c a t i o n s ,  des igna te s  an 1100 megawatt pioneer  r e a c t o r  s e r i e s  whose ch ief  
purpose is t o  advance nuc lea r  propuls ion  technology. Phoebus des igna tes  
t h e  5,000 megawatt, h ighe r  power dens i ty  r e a c t o r  s e r i e s  intended o r i g i n a l l y  
t o  be developed i n t o  a 200,000 l b f - t h r u s t  nuc lear  rocke t .  Var iab le  loran- 
ium content  and i n l e t  hydrogen j e t s  t o  vary  t h e  flow r a t e  from f u e l  e l e -  
ment t o  f u e l  element were t o  have been t e s t e d  and used i n  Phoebus, Details 
of t hese  innovat ions a s  w e l l  a s  t h e  flow p a t t e r n  of f u e l  element geometry 
a r e  c l a s s i f i e d  ( - 24 ). Because p lans  f o r  p l ane t a ry  manned missions have 
been postponed i n d e f i n i t e l y ,  emphasis has s h i f t e d  t o  developing a 75,000 
l b f - t h r u s t  l u n a r  s h u t t l e  rocke t  r e s u l t i n g  i n  a nuc lea r  f l i g h t  model by 
1975 ( 26,16 ).  I n  l i n e  wi th  t h i s  s h i f t  i n  emphasis, a 400 MFJ sca led-  
down r e a c t o r  named Pewee-I has  been designed t o  t e s t  t h e  advanced f u e l  
elements i n  s imulated NERVA and Phoebus r e a c t o r  environments and became 
o p e r a t i o n a l  a t  t he  end of 1968 ( 26,34 ). 
-- 
Before i temiz ing  t h e  progress  t h a t  has  been made t o  d a t e  i n  t h e  
nuc lea r  rocke t  program, one should be caut ioned t h a t  many of t h e  follow- 
i n g  accomplishments a r e  o f t e n  repor ted  simply a s  t e c h n i c a l  achievements 
w i t h  l i t t l e  supplementary d a t a  appearing i n  t h e  open l i t e r a t u r e .  This  
seems t o  be e s p e c i a l l y  t r u e  of technical f e a t u r e s  i n  t h e  nuc lea r  core  
design such a s  f u e l  element innovat ions and methods of p r o t e c t i v e  coat- 
i n g  t o  reduce hydrogen cor ros ion .  
With t h e  completion of t h e  r e a c t o r  p o r t i o n  of t he  NERVA technology 
program a t  t he  end of 1967, t he  development of a r e a c t o r  w i th  a s u f f i -  
cient l i f e t i m e  f o r  extended missions has  been accomplished. These 
fol lowing key f e a s i b i l i t y  unknowns have been resolved:  
(1,) r e a c t o r  s t r u c t u r a l  i n t e g r i t y  and r e l i a b i l i t y ,  (2 .)  s t a b l e  
c o n t r o l ,  ( 3 , )  c a p a b i l i t y  of m u l t i p l e  full-power r e s t a r t ,  (4.)  mapping 
of hot-bleed-cycle engine performance c h a r a c t e r i s t i c s ,  (5.) f u l l  power 
opera t ion  a t  1500 MW f o r  30 minutes and wi th  e x i t  temperatures  above 
4,100°R, ( 6 . )  development of a l t e r n a t i v e  b o o t s t r a p  s t a r t u p  methods, and 
( 7 * )  a n a l y t i c a l  p r e d i c t a b i l i t y  of r e a c t o r  performance ( - 29 ).  
Continued t e s t i n g  of NERVA and Phoebus r e a c t o r s  have y i e lded  these  
des ign  achievements: (1 . )  s e p a r a t e  coolan t  c i r c u i t  f o r  t h e  core  suppor t  
system, (2,)  r e f l e c t o r  system i n  which only poison p l a t e s  r o t a t e  f o r  neu- 
tron con t ro l ,  (3.) h igh  power d e n s i t y  f u e l  e lements ,  ( 4 . )  new high  per- 
formance Mastelloy-X nozz le ,  (5 .)  dua l  turbopump feed  system capable of 
d e l i v e r i n g  hydrogen a t  285 lbm/sec. and 1,300 p s i a ,  and ( 6 , )  s i g n i -  
f i c a n t  progress  i n  zirconium-uranium-carbideharbon composite f u e l s  which 
s h o u l d  have longer  ope ra t ing  l i f e t i m e s  than  graphite-based f u e l s  ( - 27 ). 
Mate r i a l s  research  f o r  t h e  NERVA program has  been concerned w i t h  
t he  s p e c i a l  environments uniquely a s s o c i a t e d  wi th  a  nuc lea r  rocke t ;  i,e,, 
(a . )  nuc l ea r  and s o l a r  r a d i a t i o n ,  ( b . )  deep space vacuum, (c . )  cor ros ion ,  
(d . )  very high and very  low (cryogenic) temperatures ,  and (e . )  i n t e n s e  
thermal g rad ien t s .  This  research  has l e d  t o  t he  announcement of t h e  pub- 
l i c a t i o n  of a  NERVA Mate r i a l s  P r o p e r t i e s  Data Book i n  o rde r  t o  s t anda rd ize  
g r o p e r t i e s  of m a t e r i a l s  used i n  t h e  nuc lea r  rocke t  program ( 35 ) ,  
2 .3  Previous Ana ly t i ca l  Heat Transfer  and Nuclear S tud ie s ,  
-
Because of t he  very  l a r g e  improvement i n  s p e c i f i c  impulse t o  be 
gained by us ing  nuc lea r  propuls ion ,  t h e r e  is  a need t o  determine the 
p o s s i b l e  maximum performance l e v e l s  f o r  nuc lea r  rocke t  systems i n  o r d e r  
t h a t  nuc lea r  mission c a p a b i l i t i e s  be c l e a r l y  def ined  and t o  enable  the 
r ecogn i t i on  of optimum rocke t  system c h a r a c t e r i s t i c s  which should be  
developed. H i s t o r i c a l l y  most of t h e  a v a i l a b l e  s t u d i e s  ana lyz ing  nuc lea r  
rocke t  systems have appeared somewhat independent ly of t h e  t echn ica l  
development of t he  Rover program a s  ou t l i ned  i n  Sec t ion  2 .2  because few 
d e t a i l s  of t h e  physics  and important  m a t e r i a l s  l i m i t a t i o n s  have been 
a v a i l a b l e  a s  they p e r t a i n  t o  t he  a c t u a l  K i w i ,  NERVA, o r  Phoebus reactors, 
There appears t o  be a  s e r i o u s  unresolved l i m i t a t i o n  i n  h e a t  t r a n s f e r  f o r  
optimum nuc lea r  rocke t  r e a c t o r s  t h a t  previous au thors  have n o t  examined i n  
any d e t a i l .  This h e a t  t r a n s f e r  l i m i t a t i o n  is  def ined  i n  Sec t ion  2 , 4  a f t e r  
t h i s  fol lowing review which emphasizes work p e r t a i n i n g  t o  NERVA-type 
graphite-moderated nuc lea r  rocke t s .  
Stenning ( 17 ) ,  1960, presented  a  s i m p l i f i e d  method of ana lyz ing  
nuc lea r  rocke t  performance which was used i n  a  s l i g h t l y  modified form f o r  
s e v e r a l  paramet r ic  surveys of nuc lea r  rocke t  r e a c t o r s .  B r i e f l y ,  one 
assumes a  l i n e a r  shea r  s t r e s s ,  o r  equ iva l en t ly  a  l i n e a r  hydrogen v e l o c i t y  
p r o f i l e  a long a  r e p r e s e n t a t i v e  coolant  channel ,  and the  v a l i d i t y  of t h e  
56. 
Reyrrolds analogy ( - 41, p.  243 ) between f r i c t i o n  and h e a t  t r a n s f e r .  A 
convenient parameter y = 4fLc/D i s  der ived  wi th  which d i f f e r e n t  n u c l e a r  
r e a c t o r  cores  may be  quick ly  compared f o r  e f f e c t i v e n e s s  a s  e f f i c i e n t  h e a t  
exchangers; f o r  t h i s  parameter f = Fanning f r i c t i o n  f a c t o r ,  LC = channel 
Length [ f t  1. This  s i m p l i f i c a t i o n  i s  very u s e f u l  because e f f e c t s  of 
channel l eng th ,  channel diameter ,  f low r a t e  pe r  channel ,  and a x i a l  power 
profile upon e x i t  temperature and p re s su re  drop can e a s i l y  be ca l cu la t ed .  
Yasui ( 8 ) ,  1961, d i d  a moderately d e t a i l e d  a n a l y s i s  of convect ive h e a t  
transfer i n  t h e  channels of a t y p i c a l  nuc lea r  rocke t  us ing  Stennings '  ap- 
proach. Be es t imated  core  s i z e s  by r e s t r i c t i n g  LC = Dc (core  diameter)  f o r  
"best" neur ron ic  e f f i c i e n c y  and no at tempt  was made t o  opt imize any config- 
u ra t ion .  While t h e  paramet r ic  c a l c u l a t i o n s  covered a wide range of r e a c t o r  
cores, most of h i s  d e t a i l e d  work a p p l i e s  t o  a channel diameter of 0.2 inch- 
e s ,  channel l eng ths  of 3 and 5 f e e t ,  and an e x i t  temperature of 4,000°R. 
H i s  major conclusion was t h a t  wi th  s e v e r a l  l i m i t a t i o n s  s imultaneously op- 
e r a t i n g  along a coolant  channel,  namely: (1.)  thermal s t r e s s ,  (2.)  maximum 
w a l l  temperature,  and (3 . )  maximum f u e l  c e n t e r l i n e  temperature,  a b e s t  com- 
bination of power d e n s i t y  shapes might mean s e l e c t i n g  a uniform a x i a l  power 
profile ( f l a t  shape) i n  t h e  i n l e t  s e c t i o n  which would be followed by a 
power shape t h a t  would g ive  cons tan t  w a l l  temperatures  i n  t he  f i n a l  sec- 
t i o n s  of t h e  channel.  No neu t ron ic  c a l c u l a t i o n s  were done, 
Cooper ( - 6,  - 7 ) ,  1962, conducted both h e a t  t r a n s f e r  and c r i t i c a l -  
iky c a l c u l a t i o n s  f o r  f a s t  r e a c t o r  cores .  Again, no at tempt  was made t o  
o p t ~ ~ m f z e  s i n c e  the  purpose was t o  determine f e a s i b l e  power d e n s i t i e s ,  
e x i t  gas temperatures ,  c r i t i c a l  masses,  and c r i t i c a l  dimensions a s  func- 
t i o n s  of t h e  r e a c t o r  design parameters such a s  core void f r a c t i o n  and 
nuc lea r  f u e l  composition. From an es t imated  d e s i r a b l e  p re s su re  drop of 
200 psia  and Stennings ' s  method, a maximum flow r a t e  of 1 lbm/sec/sq. i n .  
of core  flow a r e a  was ca l cu la t ed .  Simple a x i a l  s i n u s o i d a l  power dens i ty  
v a r i a t i o n  was used a s  be ing  adequate f o r  uniformly loaded and un re f l ec t ed  
nuc lea r  r e a c t o r s .  Cooper c a l c u l a t e d  t h a t  a  g raph i t e  r e a c t o r  wi th  channel 
flow r a t e  pe r  channel flow a r e a ,  G = 1.0 lbm/sec/in2 flow a r e a ,  LC = 4 f t . ,  
D = 0 . 1  i n . ,  and maximum w a l l  temperature TWMAX = 5,000° R was capable of I S P  
= 830 sec .  ( i d e a l  vacuum condi t ions  wi th  no p re s su re  r a t i o  considered ac ros s  
t h e  rocket  nozz le ) .  Cooper's h e a t  t r a n s f e r  conclusions were t h a t :  (a*) a 
flow r a t e  of G = 1.0  lbm/sec/in2 flow a r e a  was f e a s i b l e  f o r  t y p i c a l  axial. 
s i n u s o i d a l  power p r o f i l e s ,  (b.) bu lk  power d e n s i t i e s  on t h e  o rde r  of  500 t o  
1000 MW/cu.ft. of core were r equ i r ed  and f e a s i b l e ,  and ( c . )  t y p i c a l  tempera- 
t u r e  d i f f e r e n c e s  ac ros s  t he  f u e l  would be  200 t o  500' R. No s t r e s s  l i m i t a t i o n s  
were eva lua ted  and t h e  c r i t i c a l i t y  c a l c u l a t i o n s  d id  n o t  cons ider  hydrogen, 
Both of t hese  surveys noted t h a t  i d e a l l y  i t  is very e f f i c i e n t  t o  
add a s  much h e a t  a s  p o s s i b l e  when the  p r o p e l l a n t  i s  the  c o l d e s t ;  t h a t  
i s ,  a t  t he  r e a c t o r  core i n l e t .  I n  Appendix A,  t h e  s i m p l i f i e d  Stennlng 
a n a l y s i s  is  used t o  compare uniform, cos ine ,  and l i n e a r  (maximum a t  t h e  
core  en t rance)  a x i a l  power p r o f i l e s .  The l i n e a r  p r o f i l e  i s  c l e a r l y  
s u p e r i o r  wi th  r e spec t  t o  achievable  I s p  and t h e  comparison a l s o  demon- 
s t r a t e s  a  trade-off between I s p  and channel length .  Where t h e  channel 
length  i s  f i x e d ,  a  h igh  I s p  r e s u l t s  from the  l i n e a r  p r o f i l e  and where 
t h e  I s p  ( o r  o u t l e t  temperature) i s  f ixed ,  a  s h o r t e r  channel l eng th  
r e s u l t s  from t h e  more e f f i c i e n t  l i n e a r  power p r o f i l e .  The d e t a i l e d  
numerical r e s u l t s  i n  Chapter 4 v e r i f y  t h a t  power shaping can simul- 
taneously improve o u t l e t  temperatures  and al low a compact nuc lea r  
core.  I f  a  maximum w a l l  temperature were the  on19 l i m i t  and if 
t h e  Reynolds analogy were s t r i c t l y  t r u e ,  then a  s teeper - than- l inear  
power p r o f i l e  would y i e l d  t h e  h i g h e s t  I s p  a t  t he  s h o r t e s t  channel Length; 
that is, t h e  r e a c t o r  core wi th  t h e  l a r g e s t  power d e n s i t y  w i l l  have 
the h ighes t  o u t l e t  temperature.  
The p re sen t  conception of t h e  nuc lea r  rocke t  p u t s  a premium upon 
compactness f o r  s h i e l d i n g  reasons.  A t h i c k  a x i a l  shadow s h i e l d  is needed 
t o  p r o t e c t  e l e c t r o n i c  ins t rumenta t ion  and t h i s  p u t s  a very  r e s t r i c t i v e  
weight disadvantage on i n c r e a s e s  i n  core  r a d i u s ,  For t h i s  reason a uniform 
hear r e l e a s e  i n  t h e  r a d i a l  d i r e c t i o n  is  very  d e s i r a b l e .  Changes i n  chan- 
nel Length b r i n g  weight p e n a l t i e s  from the  p re s su re  s h e l l ,  bery l l ium re- 
flector, and o v e r a l l  g r aph i t e  r e a c t o r  core  volume. However an ex tens ion  
o f  channel l eng th  may inc rease  t h e  p rope l l an t  e x i t  temperature which in-  
creases t he  s p e c i f i c  impulse,  Because t h e  s p e c i f i c  impulse is  r e l a t e d  
t o  the t o t a l  p rope l l an t  weight i n  an exponent ia l  manner through the  
rocker  Equation ( 2.2 ) and s i n c e  t h e  p rope l l an t  may t y p i c a l l y  be  90% 
of the t o t a l  mission system weight ,  an inc rease  i n  s p e c i f i c  impulse is  
generaf ly  much more b e n e f i c i a l  than a decrease  i n  channel l eng th ,  The 
actual s e n s i t i v i t y  t o  weight change is  very  mission dependent s i n c e  changes 
i n  p r o p e l l a n t  weight n a t u r a l l y  a r e  less f o r  low energy missions than  f o r  
high energy missions.  For a 1982 manned Mars landing  wi th  an i n i t i a l  
we igh t  i n  e a r t h  o r b i t  ( WIEO ) of 2 x l o 6  l b s  and a nuc lea r  I s p  of 825 
seconds, t hese  missim performance in f luence  c o e f f i c i e n t s  r e s u l t :  1 l b  
englrle weight = 16 l b s  WIEO and 1 second I s p  = 3,000 l b s  WIEO ( - 36 ).  
This means t h a t  every  e x t r a  pound of engine weight above t h a t  assumed 
f o r  t h i s  mission w i l l  i n c u r  an inc rease  of 16 pounds f o r  t he  e n t i r e  
weight i n  e a r t h  o r b i t  and t h a t  every second of s p e c i f i c  impulse above 
the 825 seconds assumed w i l l  decrease  t h e  WIEO weight by 3,000 l b s .  These 
numbers a r e  a r e s u l t  of an ex tens ive  nuc lea r  mission paramet r ic  stttvey 
( --- 12,83,14 ). Therefore ,  from t h e  s i m p l i f i e d  Stenning approach one can 
s e e  a  means of s imultaneously inc reas ing  s p e c i f i c  impulse and decreas ing  
t h e  nuc lea r  r e a c t o r  core weight pena l ty  by power p r o f i l e  op t imiza t ion ,  
The i m p l i c i t  assumption of a  cons t an t  channel f r i c t i o n  f a c t o r  re- 
qu i r e s  a  cons tan t  channel h e a t  t r a n s f e r  c o e f f i c i e n t ,  h  [ f t  lbf ] because 
f t 2 - 0 ~  
of t h e  Reynolds analogy (41) - : 
- h  f -- 
2 Gc, 
f t - l b f  
where c  i s  t h e  s p e c i f i c  h e a t  capac i ty  of t h e  p rope l l an t  [=-TJ For 
P 
the  l o c a l  channel temperatures ,  a  l o c a l  h e a t  t r a n s f e r  c o e f f i c i e n t  should 
be  used,  and e s p e c i a l l y  f o r  d e t a i l e d  h e a t  t r a n s f e r  op t imiza t ion  this 
c o e f f i c i e n t  cannot be  taken a s  cons tan t .  Yasui used the  fo l lowing  h e a t  
t r a n s f e r  c o r r e l a t i o n  t o  c a l c u l a t e  channel condi t ions  i n  s e l e c t e d  
r e a c t o r  cores.: 
and Cooper used: 
hD 
where Nu = Nussa l t  number = - k ' 
k = thermal  conduct iv i ty  of t h e  p r o p e l l a n t  [ f t - l b f  ft-OR I 
GD Re = Reynolds number = - P '  
lbm /J.= thermal v i s c o s i t y  of t h e  p rope l l an t  [- 
s e c - f t l  
T = l o c a l  bulk coolant  temperature [ 'Rankine 1, 
Tf = f i l m  temperature = 112 ( T+Tw) [ O R  1, 
Tw = l o c a l  w a l l  temperature [ O R  1, 
Pr = P r a n d t l  number = 
-&&-, k 
and x = d i s t ance  from ent rance  of channel [ f t  1, 
and ~qhere  she  only  d i f f e r e n c e  is  the  choice of bu lk  ( no s u b s c r i p t  ) o r  
film tempe.ratures ( f  s u b s c r i p t  ) f o r  eva lua t ion  of t h e  hydrogen proper- 
ties. However, t h e  ( TITw )Og8 c o r r e c t i o n  t o  t hese  c o r r e l a t i o n s  admit- 
tedly had doubt fu l  v a l i d i t y  f o r  t h e  l a r g e  temperature g rad ien t s  expected 
between w a l l  and bulk  coolant  f o r  t h e  channel i n l e t  s e c t i o n s  of rocke t  
nuclear  r e a c t o r  co re s  ( 6, p. 43 ) .  It is  shown i n  Chapter 4 t h a t  t h e  
mathematical form of  t h e  l o c a l  h e a t  t r a n s f e r  c o e f f i c i e n t  has  a very  
important  i n f luence  upon p o s s i b l e  dynamic ope ra t ion  of t h e  most e f f i c i e n t  
rocket  nuc lea r  r e a c t o r  cores .  
Plebuch ( 10 ) ,  1963, assumed c e r t a i n  nominal m a t e r i a l s  proper- 
ties for a so l id-core ,  hydrogen-cooled, graphite-moderated nuc lea r  rocke t  
and ca l cu la t ed  optimum a x i a l  power d e n s i t y  p r o f i l e s  i n  a d e t a i l e d  numer- 
i c a l  manner simultaneously t ak ing  i n t o  account t he  t h r e e  thermal l imi t a -  
t ions  of maximum thermal s t r e s s ,  maximum w a l l  temperature,  and maximum 
f u e l  c e n t e r l i n e  temperature.  These der ived  power dens i ty  p r o f i l e s  con- 
fomed  t o  Yasui 's  p re l iminary  conclusions and confirmed Cooper's ca l -  
culations about r equ i r ed  power d e n s i t i e s .  However, Plebuch's  choice of 
the l o c a l  h e a t  t r a n s f e r  c o r r e l a t i o n  was: 
With an emphasis upon v a r i a b l e s  most e f f e c t i v e  i n  shaping t h e  power 
genera t ion  f o r  improved h e a t  t r a n s f e r ,  Plebuch then undertook a s tudy  of 
the r e a c t o r  phys ics  of non-symmetrically r e f l e c t e d ,  f u l l y  enr iched ,  
hydrogen-cooled, graphite-moderated n u c l e a r  rocke t  r e a c t o r s .  H i s  p r inc i -  
p a l  reactor phys ics  model was a "modified" a n a l y t i c a l  3 group d i f f u s i o n  
theory us ing  one f a s t  group and two overlapping thermal groups t o  account 
for the l a r g e  temperature d i s c o n t i n u i t y  between t h e  r e a c t o r  core ,  which may 
be a t  5,500°R, and t h e  r e f l e c t o r ,  which may be  a t  400°R, Calcu la t ions  
t h a t  had t o  account f o r  a non-uniform hydrogen d i s t r i b u t i o n  i n  the eore 
used a numerical two-dimensional d i f f u s i o n  theory code wi th  t h e  approp- 
r i a t e  3-group cons t an t s ,  With no hydrogen p re sen t  and a uniformly-loaded 
nuc lea r  r e a c t o r ,  t h e s e  v a r i a b l e s :  (1.) moderator-to-fuel r a t i o ,  (2,) core 
temperature,  ( 3 , )  core  s o l i d  f r a c t i o n ,  (4 .)  r e f l e c t o r  m a t e r i a l ,  (5.) re- 
f l e c t o r  t h i ckness ,  (6 . )  r e f l e c t o r  s o l i d  f r a c t i o n ,  and (7.)  r e f l e c t o r  
temperature were i n v e s t i g a t e d  f o r  t h e i r  e f f e c t s  upon ( a , )  c r i t i c a l  dimen- 
s i o n s  and (b.)  a x i a l  and r a d i a l  power peaking a t  t h e  i n t e r f a c e  between 
the  nuc lea r  r e a c t o r  core  and the  r e a c t o r  r e f l e c t o r ,  Hydrogen, uniformly 
d i s t r i b u t e d  throughout a nuc lear  r e a c t o r  core  having a s o l i d  fraction 
of 0.7,  was eva lua ted  f o r  i t s  e f f e c t s  upon (1 , )  neut ron  slowi.ng-down 
spectrum, (2 . )  f a s t  group r e a c t o r  physics  cons t an t s ,  (3.) c r i t f c a E  core 
dimensions, and ( 4 , )  power peaking. Non-uniform hydrogen r e a c t i v i t y  
i n s e r t i o n  f o r  t h i s  s o l i d  f r a c t i o n  f o r  two carbon-to-U235,C/V,v~lrses, and 
f o r  two core  temperatures  was ca l cu la t ed  by the  numerical d i f f u s i o n  code, 
Temperature r e a c t i v i t y  c o e f f i c i e n t s  due t o  t h e  s h i f t  of t he  eore  t?~ermaE 
spectrum a s  a func t ion  of t h e  moderator-to-fuel r a t i o  were ca l cu la t ed  
f o r  uranium -235, uranium -233, and plutonium -239. F i n a l l y ,  the use 
of a non-uniform uranium d i s t r i b u t i o n  and a s u i t a b l e  r e f l e c t o r  th ickness  
dup l i ca t ed  t h e  c a l c u l a t e d  "des i rab le"  optimum a x i a l  power p r o f i l e  and 
f l a t  r a d i a l  p r o f i l e  f o r  a nuc lea r  r e a c t o r  core  having t h e  s o l i d  f r a c t i o n  
=0.7. 
Plebuch thus demonstrated t h a t  d e s i r a b l e  a x i a l  power p r o f i l e s  and 
f l a t  r a d i a l  power p r o f i l e s  could be  achieved by t h e  jud ic ious  use of non- 
uniform uranium d i s t r i b u t i o n  and choice of  r e f l e c t o r  m a t e r i a l s  and th ick-  
a e s s ,  Large nega t ive  r e a c t i v i t y  d e f e c t s  due t o  t he  s h i f t  i n  r e a c t o r  
core thernial neutron spectrum ind ica t ed  t h a t  l a r g e  thermal nuc lea r  
rocke t  r e a c t o r s  would be  imprac t i ca l ,  Hydrogen uniformly d i s t r i b u t e d  
throughout t he  core  could apprec iab ly  decrease t h e  c r i t i c a l  dimensions, 
change t h e  neut ron  slowing down spectrum, and a l t e r  t h e  power peaking,  
Due t o  t h e  l a r g e  number of v a r i a b l e s  concerned, no t  a l l  of t he  
hydrogen e f f e c t s  i n f luenc ing  t h e  neut ron  phys ics  of a n u c l e a r  rocke t  
r e a c t o r  could be inves t iga t ed .  A r e a c t o r  core  wi th  a s o l i d  f r a c t i o n  of 
0 , 7  was t h e  only case  examined f o r  hydrogen e f f e c t s  and only a few 
aon-"uniform-hydrogen, whole-core r e a c t i v i t y  c a l c u l a t i o n s  were made. 
I n  p a r t i c u l a r  no hydrogen r e a c t i v i t y  c a l c u l a t i o n s  were performed 
concerning any s i t u a t i o n  having non-uniform-hydrogen a t  a s t eady- s t a t e  
d i s t r i b u t i o n  i n  t h e  core w i th  hydrogen a l s o  p re sen t  i n  t h e  r e f l e c t o r  o r  
with only hydrogen i n  t he  r e f l e c t o r  such a s  might occur  p r i o r  t o  
r e a c t o r  s t a r t -up .  While t h e  choice of one f a s t  and two overlapping 
thermal energy groups might reasonably account a s  a physics  model f o r  
the l a r g e  co re - r e f l ec to r  temperature d i s c o n t i n u i t y  i n  thermal o r  ep i -  
thermal nuc lea r  r e a c t o r s ,  small and t h e r e f o r e  f a s t  systems t h a t  a r e  
dominated by f a s t  neut ron  leakage r e q u i r e  a n a l y s i s  by many more f a s t  
energy groups. This  f a s t  leakage means t h a t  t h e  hydrogen i n  both  core  
and r e f l e c t o r  should have an  important r e a c t i v i t y  e f f e c t ,  because re- 
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latively few neutrons reach t h e  thermal energy group s o  t h a t  any e x t r a  
neutrons which may be  down-scattered by an e x c e l l e n t  moderator such a s  
hydrogen w i l l  be  very  important .  Also because of t hese  r e l a t i v e l y  few 
neut rons  reaching t h e  thermal energy, Plebuch demonstrated t h a t  s h i f t s  
i n  the  thermal neutron spectrum due t o  r e l a t i v e l y  l a r g e  changes i n  core  
o r  r e f l e c t o r  temperatures have sma l l  r e a c t i v i t y  e f f e c t s  f o r  these  fast 
sys  tems . 
L i t t l e  ( - 9 ) ,  1964, i n v e s t i g a t e d  non-uniform-hydrogen r e a c t i v i t y  
i n s e r t i o n s  f o r  l a r g e ,  thermal and ep i thermal ,  nuc l ea r  rocke t  r e a c t o r  
cores  having a  s o l i d  f r a c t i o n  = 0.7 and j u s t  one r e fe rence  power d i s -  
t r i b u t i o n .  H i s  r e a c t o r  phys ics  model t r e a t e d  t h e  f a s t  energy depen-- 
dence i n  g r e a t  d e t a i l  wi th  55 groups us ing  t h e  Goertzel-Selengut equa- 
t i o n s  w i th  no f a s t  f i s s i o n  sources ,  b u t  t h e  s p a t i a l  dependence w a s  only 
approximated by assuming a  cons tan t  buckl ing f o r  a l l  t h e  f a s t  groups 
and the  leakage neut rons  r e t u r n i n g  t o  t h e  core  were approximated a s  a 
cons tan t  f r a c t i o n  of those ca l cu la t ed  t o  be l eav ing  t h e  core.  No cal- 
cu la t ions  t r e a t i n g  t h e  presence of hydrogen i n  t he  r e f l e c t o r  were per- 
formed, and h i s  choice of t he  l o c a l  h e a t  t r a n s f e r  c o r r e l a t i o n  was: 
L i t t l e ' s  major conclusions were t h a t  l a r g e  thermal nuc lea r  rocke t s  have 
l a r g e  r e a c t i v i t y  c o e f f i c i e n t s  due t o  changes i n  hydrogen dens i ty  and 
changes i n  core temperature dur ing  r ap id  s t a r t u p s ,  and t h a t  smal l  nuc lea r  
rocke t s  ( C / U  = 250 ) a r e  much l e s s  s e n s i t i v e  t o  t hese  changes, 
2.4 The Problem Statement.  
-
From t h e  preceding a n a l y t i c a l  work t h e r e  i s  doubt a s  t o  t he  c o r r e c t  
h e a t  t r a n s f e r  r e l a t i o n  t o  use  f o r  t u rbu len t  hydrogen flow i n  the  channels 
of a  nuc lea r  rocke t  r e a c t o r  core ,  and t h e r e  has been no d e t e r r ~ i n a t i o n  
of t he  e f f e c t  and importance of hydrogen p re sen t  i n  t he  r e f l e c t o r  of 
optimum r e a c t o r  cores .  Concerning tu rbu len t  h e a t  t r a n s f e r  where the w a l l  
i s  a t  a  h igh  temperature and the  coolant  i s  a t  a  low bulk  temperature,  
and wi th  a  coolan t  such a s  hydrogen whose p r o p e r t i e s  a r e  q u i t e  temper- 
a ture  dependent, some ( empi r i ca l  ) f a c t o r  i s  needed t o  a d j u s t  t h e  usua l  
cons tan t -proper t ies  c o r r e l a t i o n s .  General ly  t h i s  cor rec ted  c o r r e l a t i o n  
takes the  form ( 4 ) : 
- 
where t h e  cons t an t s  A and B a r e  u sua l ly  taken t o  be 0.8 and 0.4 respec t -  
ive1.y and t h e  func t ions  K and C a r e  ad jus t ed  t o  s u i t a b l e  cons t an t s ,  de- 
pending upon whether the  Reynolds and P r a n d t l  numbers a r e  eva lua ted  a t  
f i l m  o r  bl;~lk temperatures ,  except  when t h e  phys i ca l  s i t u a t i o n  r e q u i r e s  
a m e n t i o n  t o  en t r ance  e f f e c t s ,  i n  which case e i t h e r  K o r  C is  i s  des- 
c r ibed  a s  a  func t ion  of ( x/D ) .  There a r e  many combinations of K and 
C which could f i t  t he  same experimental  h e a t  t r a n s f e r  d a t a  t o  t he  same 
degree of accuracy, For t h e  r e a c t o r  des igner  t he  consequences of us ing  
any p a r t i c u l a r  form of t he  h e a t  t r a n s f e r  c o r r e l a t i o n  should be examined, 
e s p e c i a l l y  f o r  h e a t  t r a n s f e r  op t imiza t ion  where t h e  c o r r e l a t i o n s  a r e  
ex t r apo la t ed  t o  extreme condi t ions  n o t  v e r i f i e d  by experiment,  
Yasui ( 8 ) and Cooper ( 6 ) both noted t h a t  t he  t e n t a t i v e  ( T/Ts)  0.8 
- - 
c o r r e c t i o n  f o r  l a r g e  temperature-gradient  h e a t  t ransfer ,which  amounts 
t o  the use  of a  modified Reynolds number, l e d  t o  t he  p r e d i c t i o n  of re- 
latively high  en t rance  w a l l  temperatures  when low i n l e t  bu lk  temperatures  
were used i n  conjunct ion wi th  h igh  bulk  power d e n s i t i e s .  A c a r e f u l  s tudy  
of t h e i r  r e s u l t s  i n d i c a t e s  t he  appearance of a  temperature e f f e c t  here- 
after r e f e r r e d  t o  a s  t h e  "temperature anomaly." This  i s  an anomaly n o t  
i n  the  sense  t h a t  i t  i s  phys i ca l ly  impossible ,  b u t  i n  the  sense  t h a t  i t  
i s  contrary t o  common experience wi th  constant-property coolants .  This  
e f f e c t  is  t h a t  wi th  the  modified Reynolds number, a  decrease  i n  the pre- 
d i c t e d  w a l l  temperature occurs  where the  bulk  coolant  temperature Inc reases ,  
b u t  only f o r  t h a t  i n l e t  reg ion  where t h e  ( T/T ) r a t i o  i s  q u i r e  l o w ,  
W 
That t h e  w a l l  temperature should inc rease  a s  t he  bulk  coolant  temperature 
i nc reases  is  s t r i c t l y  t r u e  only i f  t he  h e a t  t r a n s f e r  c o e f f i c i e n t  remains 
r e l a t i v e l y  c o n s t a n t ~ s f n c e  by Four i e r ' s  law: 
Q 
- =  h ( Tw-T) , (2,L2) 
A 
where Q/A = power t r a n s f e r r e d t o  coolant  per  sq.  f t ,  of w a l l  s u r f a c e  a r e a ,  
Thus, t h e  h e a t  t r a n s f e r r e d  per  u n i t  a r e a  pe r  u n i t  time i s  equal  to the  
product of t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  and the  temperature d i f f e r e n c e ,  
For a  cons tan t  Q/A t he  mathematical form of h could al low t o  increase 
whi le  T decreased,  and v i c e  ve r sa .  Experimentally such an e f f e c t  @ a n b e  
produced ( A, p. 3 ) s o  t h a t  i f  Cor re l a t ions  ( 2,7 ) , ( 2.8 ) , and ( 2 , 9  ) 
were t r u e  over t he  e n t i r e  range of temperatures  and temperature ratios 
t o  be found i n  a  nuc lea r  rocket  r e a c t o r ,  then i t  may be impossible  to 
des ign  an e f f i c i e n t  core system t o  100% c a p a b i l i t y  s i n c e  a  reduct ion  i n  
P 
i n l e t  bu lk  temperature a t  any time dur ing  f u l l  power ope ra t ion  could cause 
the  w a l l  temperature ;o g r e a t l y  exceed i t s  l i m i t  wi th  r e s u l t a n t  mel t ing  
o r  f u e l  element f a i l u r e  through co r ros ion ,  An examination of t he  effect 
of t h e  form of t he  hydrogen h e a t  t r a n s f e r  c o r r e l a t i o n s  upon nuc lea r  rocket 
r e a c t o r  h e a t  t r a n s f e r  op t imiza t ion  i s  repor ted  i n  Chapter 4 .  The sense 
of t he  opt imiza t ion  used i n  t h i s  t h e s i s  is  aimed a t  maximizing the  power 
d e n s i t y  a x i a l l y  such t h a t  a l l  p o s i t i o n s  along t h e  r e a c t o r  core  channel 
ope ra t e  a t  some thermal l i m i t .  A s  i nd i ca t ed  by t h e  a n a l y s i s  i n  Appendix A 
wi th  Stenning 's  s i m p l i f i e d  method, t h e  r e a c t o r  core  wi th  t h e  naaxinnu~m out- 
put power per  u n i t  volume gives t h e  h i g h e s t  I s p .  Having t h e  h i g h e s t  I s p  
a t  t he  s h o r t e s t  channel l eng th  is  extremely important  f o r  compactness 
r e l a t e d  t o  t h e  s h i e l d i n g  requirements f o r  any given nuc lea r  rocke t  m i s -  
s i o n ,  A h igh  I s p  means a high t h r u s t  per  channel and f o r  any t o t a l  
t h r u s t  Level,  t he  core r a d i u s  i s  thus  made a s  compact a s  p o s s i b l e  s i n c e  
t h e  core r ad ius  i s  p ropor t iona l  t o  t h e  square r o o t  of t he  t o t a l  number 
of channels .  Although no nuc lea r  engine weight o r  mission WIEO ca lcu la-  
t i o n s  a r e  performed i n  t h i s  t h e s i s ,  previous au thors  have demonstrated 
t h a t  the nuc lea r  s h i e l d i n g  is t h e  major weight component of a nuc lea r  
engine;  f o r  example, Cooper ( L ) r e p o r t s  t h a t  a 1,000 MW graph i t e  
reactor with  a core  diameter of 36 i n ,  and a 12 i n .  bery l l ium s i d e  re-  
f l e c to r  has an engine weight ( core p lus  r e f l e c t o r  ) of 5,500 l b s  wh i l e  
she 10 inch  l ead  shadow s h i e l d  ( s i m i l a r  t o  t h a t  depic ted  i n  Figure 2-1 ) 
weighs 9,000 l b s .  and a 5 inch  c i r cumfe ren t i a l  l ead  s h i e l d  would weigh 
an a d d i t i o n a l  16,000 l b s ,  Sams ( - 33 ) a l s o  confirms the  dominance of  
the s h i e l d  weight f o r  nuc lea r  rocke t s .  The compactness, e s p e c i a l l y  
r a d i a l l y ,  of hea t - t r ans fe r  optimized nuc lea r  rocke t  r e a c t o r s  is  t h e  
pr imary motivat ion f o r  t h i s  op t imiza t ion  i n v e s t i g a t i o n .  
Consi~derat ion of a l l  of t he  nuc lea r  a spec t s  of a given nuc lea r  
rocket  r e a c t o r  core  can be conceptual ly complicated because of t he  manner 
i n  which s i g n i f i c a n t  core  and r e f l e c t o r  v a r i a b l e s  can change wi th  r e spec t  
t o  one another .  Plebuch ( - LO ) has shown t h a t  a t  l e a s t  8 s i g n i f i c a n t  
v a r i a b l e s  must be considered f o r  t h e  c r i t i c a l i t y  and power peaking of 
miformly-loaded nuc lea r  r e a c t o r  cores  - t h a t  is ,  ( 1 , )  moderator-to- 
f u e l  r a t i o ,  ( 2 . )  core  temperature,  ( 3 . )  core void f r a c t i o n ,  (4 . )  hydrogen 
d i s t r i b u t i o n  i n  t he  core ,  (5 ,  ) r e f l e c t o r  m a t e r i a l ,  (6 .) r e f  l e c t o r  th ick-  
ness ,  (7 . )  r e f l e c t o r  s o l i d  f r a c t i o n ,  and (8.) r e f l e c t o r  temperature,  
Because of t he  l a r g e  number of v a r i a b l e s  and because of h i s  few-group 
a n a l y t i c a l  model, Plebuch d id  no t  a t tempt  t o  opt imize t h e  r e a c t o r  eon- 
f i g u r a t i o n  completely al though he d i d  show t h a t  a d e s i r a b l e  a x i a l  and 
r a d i a l  power d i s t r i b u t i o n  could be accomplished by non-uniform ursmium 
d i s t r i b u t i o n  and proper  s e l e c t i o n  of r e f l e c t o r  th icknesses .  
Heat - t ransfer  op t imiza t ion  along a nuc lea r  rocke t  r e a c t o r  channel 
i s  l i m i t e d  by the  a v a i l a b l e  p re s su re  drop t o  a maximum channel length 
a s  d iscussed  i n  Sec t ion  3 ,7 ,  and t h e  o u t l e t  temperature de f ines  an I s p  
and a t h r u s t  per  channel,  S e l e c t i o n  of t he  t o t a l  t h r u s t  f o r  t he  rocket 
system then determines the  number of channels and thus  the  r e a c t o r  core 
r ad ius ,  assuming t h a t  t he  optimum power p r o f i l e  is  r a d i a l l y  uniform, 
Therefore,  h e a t  t ransfer -opt imiza t ion  w i l l  y i e l d  d e f i n i t e  phys i ca l  dfmen- 
s i o n s  f o r  nuc lea r  -fOcket r e a c t o r  cores .  For t h e  t h r u s t  l e v e l  s e l e c t e d  
i n  t h i s  t h e s i s ,  wHich is  i n  t h e  manned-Mars-landing range (250,000 Ibf) 
and which i s  a r e p r e s e n t a t i v e  va lue  taken from an ex tens ive  nuelear 
mission opt imiza t ion  s tudy  ( --- 12,13,14 ) , t he se  dimensions a r e  on the 
orde r  of a few f e e t  wi th  t h e  length-to-diameter r a t i o  of t h e  core  tead- 
i n g  toward u n i t y  a s  t he  co re  void f r a c t i o n  i n c r e a s e s ,  The compactness 
of t hese  optimum cores  suggest  t h a t  a h igh  loading  of uranium will be  
requi red  and t h a t  t he  neut ron  s p e c t r a  w i l l  be  very  f a s t  and whose physics  
w i l l  b e  dominated by f a s t  neutron leakage.  
The nuc lea r  r e a c t o r  core  which has  been s i z e d  by the  hea t - t r ans fe r  
op t imiza t ion  method descr ibed  i n  Chapter 3 w i l l  g r e a t l y  reduce t h e  number 
of independently-varying f a c t o r s  t h a t  must be  considered. The following 
, 
complete problem is  thus  analyzed. T i r s t i n  Chapter 4 t he  mathematical 
forms of t u rbu len t  hydrogen h e a t  t r a n s f e r  c o r r e l a t i o n s  a r e  compared and 
the e f f e c t  t h a t  t h e  c o r r e l a t i o n a l  form has upon the  optimum power d e n s i t y  
profile and the  magnitude of t he  p red ic t ed  temperature "anomaly", a r e  
reported and d iscussed .  The c o r r e l a t i o n  used by Plebuch ( 10 ) is  corn- 
-
pared with t h e  c o r r e l a t i o n  given i n  Bussard and DeLauerls book on nu- 
clear propuls ion  ( - 11 ) ,  with  a 1964 c o r r e l a t i o n  by Taylor ( - 4 ), and 
with a 1968 c o r r e l a t i o n  aga in  by Taylor ( - 1 ) ,  These l a s t  t h r e e  cor- 
rele~tlasns a r e  used because of t h e i r  a s s o c i a t i o n  with NERVA-type nuc lea r  
rockets .  The e f f e c t  of (1.) flow r a t e  per  channel ,  (2 .)  channel dia-  
meter, (3.) core  void f r a c t i o n ,  and (4.)  t he  en t rance  hydrogen p re s su re  
and tesnperature upon ( a , )  optimum r e a c t o r  channel c h a r a c t e r i s t i c s ,  
( b * )  acchie.vable i d e a l  s p e c i f i c  impulse,  and (c . )  h e a t - t r a n s f e r  optimized 
reactor ca re  dimensions is  r epor t ed ,  The computer method f o r  t h e  heat-  
transfer opt imiza t ion  i s  d iscussed  i n  Chapter 3.  
With t h e  dimensions of t he  r e a c t o r  core  determined by h e a t  t r a n s f e r  
cons ide ra t ions  then  t h e  r e a c t i v i t y  e f f e c t s  of uniform hydrogen i n  t h e  
reflector and a non-uniform hydrogen d i s t r i b u t i o n  i n  t he  r e a c t o r  core  
which produces t h e  optimum a x i a l  power p r o f i l e  f o r  t h a t  p a r t i c u l a r  reac- 
tor, a s  w e l l  a s  a s tudy  of t he  c r i t i c a l  concent ra t ion  of uranium 235 uni- 
f o r ~ i l y  d i s t r i b u t e d  i n  a g raph i t e  ma t r ix  i n  t h e  presence of t h i s  hydrogen, 
is r epo r t ed  and d iscussed  i n  Chapter 5, This  approach assumes t h a t  f o r  
these sma l l ,  f a s t  r e a c t o r  cores  t h e  r e a c t i v i t y  e f f e c t s  w i l l  be  dominated 
by neutron leakage and the  hydrogen r e a e t i v i t y  va lues  a r e  i n s e n s i t i v e  
t o  the l o c a l  d i s t r i b u t i o n  of uranium. I n  t h i s  manner t h e  c r i t i c a l i t y  
c a l c u l a t i o n  determines the  minimum moderator-to-fuel r a t i o  and minimum 
critical mass a s soc i a t ed  wi th  an optimum core  t h a t  f u l l y  u t i l i z e s  the  
reactivity i n s e r t i o n s  due t o  hydrogen. The approach followed h e r e  is 
t h e r e f o r e  d i f f e r e n t  than i n  previous s t u d i e s  i n  t h a t  t he  phys i ca l  
s i z e  of t he  r e a c t o r  core  i s  f i r s t  s e t  by h e a t  t r a n s f e r  cons ide ra t ions  
t o  be the  most compact p o s s i b l e  and then f o r  t h i s  s i z e  t he  requi red  uni- 
form carbon9uranium r a t i o  and t h e  t o t a l  hydrogen r e a c t i v i t y  e f f e c t  are 
der ived ,  
I n  a d d i t i o n  t o  t he  above (1.) hydrogen r e a c t i v i t y  due t o  core and 
r e f l e c t o r ,  t h e  fo l lowing  a spec t s  w i l l  a l s o  be repor ted :  (2.)  s p a t i a l  
p e r t u r b a t i o n  i n  power d i s t r i b u t i o n s  caused by hydrogen i n s e r t i o n ,  4 3 , )  
e f f e c t  of v a r i a b l e  r a d i a l  r e f l e c t o r  th ickness  a s  an a i d  i n  a x i a l  power 
shaping,  (4.)  core r e a c t i v i t y  l o s s  caused by thermal expansion of t he  
core  r a d i u s ,  and (5.) core r e a c t i v i t y  l o s s  caused by carbon d e l e t i o n ,  
Plebuch ( - 10 ) and L i t t l e  ( - 9 ) have both shown t h a t  temperature 
e f f e c t s  such a s  t h e  co re - r e f l ec to r  temperature d i s c o n t i n u i t y  and the 
s h i f t  i n  thermal neutron s p e c t o m  a r e  smal l  f o r  low carbonluranium, fast 
r e a c t o r  systems. For i n s t a n c e ,  L i t t l e  c i t e s  a  t o t a l  r e a c t i v i t y  change 
of - 0.20$ (it= 0.0064 dlk) f o r  a  temperature s h i f t  from 300°K t o  2 ,  400°K 
k 
i n  a  r e f l e c t e d  core having C/U = 250. Therefore,  i n  t he  nuc lea r  ealsu- 
l a t i o n s  i n  Chapter 5 no adjustments  a r e  made f o r  temperature disconkin- 
u i t i e s  o r  s h i f t s  i n  thermal neutron spectrum. The 16-group LASL c ra s s -  
s e c t i o n  s e t  ( - 37 ) is  used wi th  the  two-dimensional, mult igroup,  d i f f u -  
s ion-theory code, EXTERMINATOR - 2 ( - 38 ). The cases  considered i n  t h i s  
t h e s i s  a r e  l i m i t e d  t o  one t o t a l  t h r u s t  l e v e l  and one r e f l e c t o r  t h i ckness ,  
However, t hese  nominal va lues  a r e  taken from an ex tens ive  nuc lea r  mission- 
opt imiza t ion  s tudy  ( 12,13,14 ) s o  t h a t  t h e  r e s u l t s  of t h i s  i n v e s t i g a t i o n  
a r e  c o n s i s t e n t  wi th  f u t u r e  nuc lea r  missions under a c t i v e  cons ide ra t ion ,  
3 ,  Beat Transfer  Optimizat ion - Computer Model 
- - 
3,1 In t roduc t ion  
P 
Because t h e  h e a t  t r a n s f e r  op t imiza t ion  of a nuc lea r  rocke t  r e a c t o r  
core must cons ider  t he  l o c a l  h e a t  t r a n s f e r  c o e f f i c i e n t s  f o r  t u rbu len t  
hydrogen flow a s  w e l l  a s  t he  p o i n t  va lues  of t h e  channel w a l l  temperature,  
fuel temperature,  hydrogen p re s su re ,  and hydrogen t empera tu re , i t  is  
necessary t o  develop a numerical method of s imultaneously s o l v i n g  f o r  
t hese  po in t  channel c h a r a c t e r i s t i c s  and s e l e c t i n g  t h e  maximum power 
d e n s i t y  a t  each p o i n t ,  The optimum power dens i ty  p r o f i l e  i s  uniform i n  
the radial d i r e c t i o n  because a l l  r e a c t o r  core  channels a r e  assumed t o  
have the same flow r a t e  so  t h a t  t h e  model w i l l  only need t o  c a l c u l a t e  
the axial power p r o f i l e .  
3 , 2  Flow Channel Equivalent  C e l l  
-
The c:yl indrical  r e a c t o r  core  i s  assumed t o  c o n s i s t  of many "un i t  
flow c h m r ~ e l s "  of cons tan t  flow diameter a l i gned  p a r a l l e l  t o  t he  major 
ax is ,  each equiva len t  t o  a hollow rod cooled a t  t he  inne r  w a l l  ( o r  r ad ius )  
by a gas s ~ t  he  a x i a l l y  v a r i a b l e  pressure  P*(x),and each thermally i so -  
dT lated from neighboring c e l l s  by r e q u i r i n g  - = 0 a t  t he  ou te r  r ad ius  of 
d r  
the  cell, The c e l l  o u t e r  r a d i u s  i s  a t  t he  c e n t e r l i n e  d iv id ing  two ad- 
jacent c e l l s  and s i n c e  t h e  f u e l  temperature is a maximum t h e r e ,  t h i s  
position w i l l  always be r e f e r r e d  t o  a s  t he  " c e n t e r l i n e  f u e l  temperature." 
The c e l l  o u t e r  r a d i u s ,  r , ,  is  determined by the  core  void f r a c t i o n ,  , o r  
hydrogen f r e e  flow f r a c t i o n ,  s i n c e  r ,= DI~C The channel l eng th  is 
determined i n  t h e  course of t h e  opt imiza t ion ,  
Figure 3-1 Flow Channel Equivalent  C e l l  
3.3 The Model f o r  Ca lcu la t ing  Hydrogen P res su res  
-
The momentum equat ion  desc r ibes  t h e  change i n  hydrogen pressure 
along a channel due t o  f r i c t i o n  and d e n s i t y  changes: 
l b f  
where P  = l o c a l  coolan t  p re s su re  [ -1, 
J( f  t 2  
,X = d i s t a n c e  from channel en t r ance  t o  l o c a l  p o s i t i o n  [ ft 1 ,  
G = flow r a t e  pe r  channel d iv ided  by channel flow a r e a  
lbm I ,  
sec-f t2-channel 
f  = Fanning f r i c t i o n  f a c t o r ,  
p  = l o c a l  coolan t  d e n s i t y  [ 3 1, 
D = channel hydrau l i c  diameter  [ f t  1. 
This i s  i n t e g r a t e d  us ing  numerical d i f f e r e n c e  techniques as :  
1 
where t h e  dens i ty  con t r ibu t ion  has been t r e a t e d  e x a c t l y  s i n c e  S / ~ x (  5 ) 
i s  a p e r f e c t  d i f f e r e n t i a l  i n  t h i s  one-dimensional model, and t h e  f r i c t i o n  
factor is  eva lua ted  a t  x  and taken a s  cons tan t  over  t h e  fol lowing i n t e r -  
v a l  A X ,  S ince ,  a s  w i l l  b e  shown, t he  f r i c t i o n  f a c t o r  i nc reases  along 
the channel , t h i s  i n t e g r a t i o n  underest imates  any p re s su re  drops s t r o n g l y  
inf luenced  by f r i c t i o n .  For t he  r e a c t o r  cores  i n  t h i s  s tudy ,  t h e  f r i c t i o n  
244~ term, -, over  most of t he  channel l eng th  i s  g r e a t e r  than the  d e n s i t y  0 
term,*, because of t he  r ap id  h e a t i n g  of t he  gas. However, t he  f r i c -  
P 
tion factor i s  n o t  a  s t r o n g  func t ion  of temperature and, f o r  l a r g e  i n c r e a s e s  
i n  cllannel temperature,  changes r e l a t i v e l y  s lowly.  The c o r r e l a t i o n  f o r  
the t u rbu len t  f r i c t i o n  f a c t o r  used i n  t h i s  s tudy  is  ( 5 ) : 
- 
where Re - modified s u r f a c e  Reynolds number = (Rew) ( TITw ) ( 3.2.1 ) 
S 
and the  w s u b s c r i p t  always means eva lua t ion  a t  t h e  w a l l  temperature.  Tables 
3-1 and 3-2 i l l u s t r a t e  a c t u a l  temperatures ,  f r i c t i o n  f a c t o r s  and p re s su re  
drops f o r  two opt imiza t ion  c a l c u l a t i o n s .  Values from an o l d e r  t u r b u l e n t  
friction f a c t o r  c o r r e l a t i o n  ( - 6 ) : 
are included f o r  comparison, For s e v e r a l  op t imiza t ion  runs ,  t h e  exac t  form 
o f  the f r i c t i o n  f a c t o r ,  e i t h e r  Equation ( 3.2 ) o r  Equation ( 3.3 ) ,  made 
Table 3-1 
Channel Conditions and F r i c t i o n  Fac tors  
f o r  an Optimized Channel, High Flow Rate 
--
D=0.1 i n , ,  w*l x 10-21bm/s/channel, P =1,200 p s i a ,  
T =300°R, core  void f r a c t i o n  77 =0.4, !?sp=880 sec .  
0 
Pb$Bc p s i  
7 4 .  
Table 3-2 
Channel Conditions & F r i c t i o n  Fac tors  
f o r  an Optimized Channel, Low Flow Rate 
-- --- 
D=0.1 i n . ,  w e l  x lom3 lbm/s/channel,  P0=1400 p s i a ,  
~ , = / 1 0 0 ~ R ,  core  void f r a c t i o n ~ = 0 . 4 ,  Isp=955 sec .  
75. 
no d i f f e r e n c e  a t  a l l  i n  t h e  r e s u l t a n t  optimum channel c h a r a c t e r i s t i c s  
which i s  a consequence of t he  i n s e n s i t i v i t y  of t he  optimum power density 
t o  p re s su re ,  The numerical va lue  of f  i s  of i n t e r e s t  because Srenning 
( - 17 ) used a  va lue  of 0.005 f o r  h i s  r ap id  paramet r ic  method, A mare 
e l a b o r a t e  o r  accu ra t e  determinat ion of t h e  f r i c t i o n  f a c t o r  a s  caTcuEated 
i n  t h i s  t h e s i s  would be necessary  i f  e i t h e r  t he  optimum power dens i ty  
p r o f i l e  o r  t he  hydrogen d i s t r i b u t i o n  along the  channel were g r e a t l y  sen- 
s i t i v e  t o  i t .  The s t r e s s - l i m i t e d  power d e n s i t y  as descr ibed  i n  Section 
3.5 i s  t h e  only l i m i t a t i o n  on maximum power d e n s i t y  which has a  depen- 
dence upon pressure  and w i l l  be  shown i n  Sec t ion  3 ,6  t o  be n e a r l y  inde-  
pendent of hydrogen cond i t i ons ,  A s  f o r  t he  f r i c t i o n a l  e f f e c t  upon hydro- 
gen d e n s i t y ,  t he  two Tables 3-1 and 3-2 show t h a t  a t  a  low flow rate 
w = 1 x lbm/s/channel,  f r i c t i o n a l  and d e n s i t y  changes have neglig- 
i b l e  e f f e c t  upon p re s su re  because G~ appears i n  the  p re s su re  drop cal- 
c u l a t i o n ,  Equation ( 3.1 .1  ) and t h e r e f o r e  r a p i d  h e a t i n g  of the gas 
e s s e n t i a l l y  determines the  d e n s i t y  changes; a t  a  h ighe r  flow r a t e  w = 
1 x l om2  lbmls /channel  t he  f r i c t i o n  f a c t o r  changes s lowly f ram increment 
t o  increment.  The f r i c t i o n  f a c t o r  t h e r e f o r e  does no t  s i g n i f i c a n t l y  affect 
t h e  power d i s t r i b u t i o n  and t h e  hydrogen d i s t r i b u t i o n  is predominantly 
determined by the  r a p i d  h e a t i n g  of t he  gas.  
3.4 The Hydrogen and Nominal Core Mate r i a l s  P r o p e r t i e s ,  
-
Hydrogen is  assumed t o  be a  semi-perfect gas which obeys the per- 
f e c t  gas r e l a t i o n :  
and whose phys i ca l  p r o p e r t i e s  a r e  ca l cu la t ed  from the  fol lowfng curve- 
f i t  r e l a t i o n s  of NASA hydrogen d a t a  ( 2 ) : 
- 
f t - l b f  
S p e c i f i c  Heat = c = 2601. + 0.5353 x T [ Ibm-OR ] 
P 
Thermal f t - l b f  
Conduct ivi ty  = K = 0.218 x T 0 a 7 4  [ sec-ft-OR ] 
H 
0.6 lbm Viscos i ty  = = 1.553 X l oW7 T [ s e c - f t  ] 
- 
An average c i s  used i n  t he  energy balance along t h e  channel:  
P 
The core nominal m a t e r i a l s  p r o p e r t i e s  i n  t he  fo l lowing  Table 3-3 a r e  
those of  g raph i t e  and a r e  c o n s i s t e n t  wi th  those  va lues  used i n  previous 
s t u d i e s  ( 9,10 ) .  
-- 
Table 3-3 
Nominal Reactor  Core Mate r i a l s  Properties 
6 Young's Modulus = E = 1 .5  x 10 [ p s i a  ] 
Coefficient of Thermal Expansion = a= 2.75 x ~ o - ~ / o R  
Poisson ' s  Rat io = t/ = 0.25 
Themal Conduct ivi ty  of Graphi te  = K = 3.136 [ f t - lbf / f t -sec-OR ] 
g 
Maximum Thermal S t r e s s  = S = 5000 [ p s i a  ] 
Maxsi.mm W i l l 1  Temperature = T W X  5000 O R  
Maxl.mnm Fuel  Cen te r l i ne  Temperature = TFMAX = 5500 O R  
3 . 5  The Maximum Axi a 1  Power Dens i t i e s  P (x) , P (x) , Ps (x) , and P $x) 
- 
W c  
A computer program, MAXPOW, was w r i t t e n  t h a t  would begin wi th  t h e  
en t r ance  hydrogen p re s su re ,  en t rance  hydrogen bulk  temperature,  flow 
r a t e  per  channel,  channel diameter ,  core  void f r a c t i o n ,  ma te r r a l s  ther- 
mal l i m i t a t i o n s ,  and m a t e r i a l s  p r o p e r t i e s ,  and then proceed i n  f i n i t e  
s t e p s ,  of l eng th  p x ,  a long  t h e  channel determining the  maximum s p e c i f i c  
MW 
power density¶ P(x)  [ Cue Ft .  ] by so lv ing  and i n v e r t i n g  the  fol lowing 
p o i n t  h e a t  t r a n s f e r  equat ions .  The method used i s  not  s e n s i t i v e  t o  t he  
a x i a l  s t e p  s i z e ;  t h a t  i s ,  al though ~ x = O , l  f t ,  i s  gene ra l ly  used, much 
l a r g e r  Ax were t e s t e d  and t h e  r e s u l t a n t  channel power, p re s su re ,  e t c ,  
d i s t r i b u t i o n s  agreed wi th  those c a l c u l a t e d  us ing  t h e  sma l l e r  A X ,  
Four i e r ' s  law wi th  uniform h e a t  genera t ion  (no r a d i a l  dependence 
on the  s p e c i f i c  power dens i ty)  a t  each p o s i t f o n  x g ives :  
where the  h e a t  t r a n s f e r  c o e f f i c i e n t  i s  gene ra l ly  a  func t ion  o f  rhe Rey- 
nolds  number, P r a n d t l  number, x p o s i t i o n ,  and wall-to-bulk temperature 
r a t i o ,  S e t t i n g  T (x) = TWMaX and i n v e r t i n g  Equation ( 3.8 ) gives : 
W 
P (x) = ( TWMAX - T(x) ) 
W 
4 hl) 
( 1 - 7 ) ) D  ' 
which is t h e  w a l l  temperature - l i m i t e d  power dens i ty  a t  x, 
Four i e r ' s  law and s t eady- s t a t e  h e a t  conductfon w i t h i n  the cy1i.n- 
d r i c a l  channel w a l l  a t  t h e  c e l l  f u e l  c e n t e r l i n e  y i e l d :  
S e t t i n g  the  c e n t e r l i n e  temperature TCL(x) = TFMAX and i n v e r t i n g  Equa- 
txon ( 3.9 ) gives:  
P (x) = [ TFMAX - T(x) I 
C 1 , ( 3.9.1 ) - 
which i s  t h e  c e n t e r l i n e  temperature- l imited power d e n s i t y  a t  x .  
With t he  hydrogen gas p re s su re  PJx), s t eady- s t a t e  h e a t  conduction, 
9- 
r equ i r ing  d r  - O a t  t h e  ou te r  c e l l  r ad ius ,  and assuming t h a t  t he  channel 
length is  long enough such t h a t  condi t ions  of plane s t r a i n  apply,  then the  
three components of t he  s t r e s s ,  ( x , r  ) , 5 ( x , r  ) , and C$ ( x, r  ) 
can b e  determined and a r e  der ived  i n  Appendix B. The root-mean-squared 
2 
stress, 6 - (x ) ,  s a t i s f i e s  t he  fol lowing equat ion:  
The stress has i t s  maximum value  a t  t he  i n n e r  r a d i u s ,  so  t h a t :  
2 2 
as derived i n  Appendix B. S e t t i n g  MAX ~ ( x )  = S , then: 
which is t h e  s t r e s s - l i m i t e d  power d e n s i t y  a t  x. 
The hydrogen coolant  temperature i s  found by an energy balance 
along the  channel: 
- 
where cp i s  def ined  i n  Sec t ion  3 , 4 ,  The fol lowing i m p l i c i t  approx- 
imation t o  t h e  i n t e g r a l  i n s u r e s  t h a t  t he  power d e n s i t i e s  a s  determined 
a r e  continuous along t h e  channel:  
- + P(X) wc [ P ( 3,L1,E ) 2 
This  form i s  t h e  same a s  r e q u i r i n g  t h a t  t h e  power dens i ty  be l inear  
wi th  x  ac ros s  any segment, 
With these  equat ions  one can s imultaneously so lve  f o r  t he  hydrogen 
bulk  temperature and anyone of t he  power d e n s i t i e s .  Only f o r  P, i s  the 
bulk  coolant  temperature i n d i r e c t l y  involved through t h e  de te rmina t ion  
of t h e  p o i n t  hydrogen pressure .  A f t e r  c a l c u l a t i n g  a l l  t h r e e  Pfrnitj.ng 
power d e n s i t i e s ,  t he  sma l l e s t  of Pw, PC, and Ps i s  then f i n a l l y  s e l e c t e d  
a s  t h e  optimum power d e n s i t y  a t  each pos t fon  x. These power d e n s i t i e s  
should b e  c a l l e d  " spec i f i c "  [ M W L  ] a s  opposed t o  
c u , f t .  of channel w a l l  
"bulk" [ MW ] because t h e  h e a t  t r a n s f e r  r e l a t i o n s  must con- 
c u , f t .  of core  
s i d e r  t he  power a c t u a l l y  produced i n  t h e  equ iva l en t  flow charmel walls, 
However, c a l c u l a t i o n s  wi th  nuc lea r  mult igroup d i f fus ion- theory  computer 
codes,Which must t y p i c a l l y  homogenize r eg ions  of t he  r eac to r , ,  i , e , ,  Bump 
toge the r  f u e l ,  moderator,  and vo ids ,  f i n d  t h a t  t he  use of bu lk  power 
d e n s i t y  i s  more u s e f u l  and r e a l i s t i c .  I n  t h i s  t h e s i s  t h e  bullk power den- 
s i t y  i s  always repor ted  and graphed except  f o r  two f i g u r e s  (Figures 4-6 
and 4-7)  r e l a t e d  t o  h e a t  t r a n s f e r  c o r r e l a t i o n s  which should use  s p e c i f i c  
power d e n s i t i e s .  The r e l a t i o n  between bulk  and s p e c i f i c  power d e n s i t i e s  
is  : 
"bulk" P - 1 I 
- s p e c i f i c "  P 
( 1-77] 
I n  the fol lowing chapter  t h e  optimum power d e n s i t y  i s  n o t  des igna ted  
a s  either s p e c i f i c  o r  bu lk  because a l l  of t h e  r e s u l t s  a r e  f o r  bu lk  power 
d e n s i t i e s ,  The t o t a l  power repor ted  f o r  each r e a c t o r  core ,  of course,  
i s  the sarne r e g a r d l e s s  of which term i s  used, and t h i s  repor ted  power 
is  the a c t u a l  i n t e g r a t e d  power f o r  each channel ,  assuming a l inear-with-x 
dependence between channel p o s i t i o n s ,  t imes t h e  number of channels.  
3 , 6  The S t r e s s - l imi t ed  Power Densi ty a s  a Nearly Constant Base l ine  
-
I n  desc r ib ing  the  numerical  procedure f o r  opt imizing the  power 
dens i ty  p r o f i l e  i t  was noted t h a t  t h e  s t r e s s - l i m i t e d  power d e n s i t y  P 
S 
depended i n  a second-order manner upon t h e  hydrogen gas temperature 
through the hydrogen pressure .  The exac t  r e l a t i o n :  
and the zero-pressure s t r e s s - l i m i t e d  s p e c i f i c  power 
are compared atp1:=12oopsia  i n  Table 3 - 4 .  
Table 3-4 
Comparison of Exact and Zero-Pressure Stress-Limited 
S p e c i f i c  Power Dens i t i e s  f o r  Nominal Ma te r i a l  P r o p e r t i e s  
a t p p 1 2 0 0  p s i a  and D=0.1 i n , ,  D=0,2 i n ,  
'I D = 0 , l  i n .  D = 0 . 1  i n .  D = 0.2 i n .  D = 8,2 in, 
For a p re s su re  of 1200 p s i a ,  t h e  exac t  s t r e s s - l i m i t e d  power i s  
a f f e c t e d  by a t  most 5% by inc lud ing  t h e  e f f e c t  of hydrogen pressure, 
Exceeding a s t r e s s  l i m i t  f o r  any proposed rocket  r e a c t o r  channel then 
is p r a c t i c a l l y  independent of t h e  hydrogen condi t ions  and the stress- 
l i m i t e d  power d e n s i t y  depends p r imar i ly  upon t h e  m a t e r i a l s  properties 
and channel dimensions i n  t h i s  manner: 
w i th  
Aside from reconfirming t h e  f r i c t i o n  f a c t o r  independence n o t e d  i n  
Sect ion  3.3, t h i s  c l e a r l y  e x h i b i t s  t h e  s t r e s s - l i m i t e d  power d e n s i t y  a s  
a u s e f u l  power d e n s i t y  base l ine .  Any core ,  optimized o r  n o t ,  cannot 
conta in  power d e n s i t i e s  above t h i s  l i m i t  r ega rd l e s s  of t h e  hydrogen con- 
ditions, Also f o r  those channel reg ions  where P and Pw a r e  calcu- 
C 
l a t ed  t o  be g r e a t e r  than  P the  s e l e c t i o n  of Ps w i l l  g ive  a n e a r l y  con- 
s ' 
s t a n t  va lue  t h a t  f l a t t e n s  o r  "tops" t he  power p r o f i l e ,  This  f e a t u r e  
i s  very prominant i n  s t r e s s - l i m i t e d ,  h igh  flow r a t e  r e a c t o r  cores .  
3.7 Computational L imi t a t ions  Upon the  Optimization. 
-
Because h ,  t he  h e a t  t r a n s f e r  c o e f f i c i e n t  is  gene ra l ly  a compli- 
ca t ed  func t ion  of T(x) and T (x) ,  q u a n t i t i e s  which themselves depend 
W 
upon t h e  de te rmina t ion  of P (x ) ,  an i t e r a t i o n  a t  each po in t  is  r equ i r ed  
u n t i l  c o n s i s t e n t  power d e n s i t i e s  and temperatures  a r e  found. A s  a r u l e ,  
the s t r e s s - l i m i t e d  maximum power d e n s i t y  r e q u i r e s  t h e  fewest i t e r a -  
t i o n s ,  be ing  almost e n t i r e l y  determined by m a t e r i a l  p r o p e r t i e s  and chan- 
nel dimensions. 
A s  w i l l  be  f u l l y  expla ined ,  t he  program s t o p s  the  computation when 
any of 4 condi t ions  a r e  encountered: 
(1) The hydrogen temperature i s  i n  t h e  range TWMAX) T (x ) )  TWMAX- 
LOG', 
(2) The channel l eng th  would exceed 4 f e e t ,  
( 3 )  The c a l c u l a t e d  p re s su re  drop i s  g r e a t e r  than  the  a v a i l a b l e  
pressure, and 
( 4 )  The Mach number would exceed 0.5 a t  t he  e x i t  of t h e  flow 
channel ,  
Since the  coolant  temperature cannot phys i ca l ly  exceed t h e  w a l l  
tenaperattire, one has  t o  cons ider  j u s t  how c l o s e l y  one wishes t o  approach 
t he  maximum w a l l  temperature and the  computational time involved i n  
g e t t i n g  very nea r  t h i s  l i m i t .  S i t u a t i o n s  d id  occur i n  which the  op- 
t imized h e a t i n g  of t h e  gas produced hydrogen temperatures q u i t e  c lo se  
t o  TWMAX i n  a  channel of 4 f e e t  o r  l e s s ,  b u t  which opt imiza t ion  calcu- 
l a t i o n  of P ( x ) ,  e t c .  would have continued on f o r  s e v e r a l  more f e e t  with 
ca l cu la t ed  power d e n s i t i e s  becoming very sma l l  and the  increments of 
r i s i n g  gas temperature con t r ibu t ing  sma l l e r  and sma l l e r  changes to the  
s p e c i f i c  impulse,  The f i r s t  computational s t o p  was then found t o  elim- 
i n a t e  cons ide ra t ion  of t hese  very  low power " t a i l s " .  Computational 
s t o p  number (2) was decided upon t o  l i m i t  computer time spent  upon those 
core  s i t u a t i o n s  which were hope le s s ly  s t r e s s - l i m i t e d  t o  very low  power 
d e n s i t i e s  and which would have had l eng ths  s e v e r a l  times those of the  
o the r  optimized cores .  These were c l e a r l y  no t  competi t ive.  The s t o p  
(3)  is  a computational n e c e s s i t y  recognizing t h a t  h e a t  a d d i t i o n  and 
f r i c t i o n a l  l o s s e s  may exhaust  t he  a v a i l a b l e  p re s su re ,  Before proeeedrng 
from x t o  x+bx, t h e  computer program t e s t s  t h e  a v a i l a b l e  p re s su re  drop 
by assuming a  l i n e a r  e x t r a p o l a t i o n  of t he  p re sen t  power P(x) t o  zero 
i n  t he  next  i n c r e m e n t d x  and then c a l c u l a t e s  t he  p red ic t ed  p re s su re  drop, 
The f r i c t i o n  f a c t o r ,  although underest imated,  is a t  n e a r l y  a  cons tan t  
va lue  when s i g n i f i c a n t  p re s su re  drops occur ,  Ex t r apo la t ion  o f  the power 
t o  zero is  necessary t o  f i n d  t h e  minimum coolant  temperature f o r  the 
d e n s i t y  change, The equat ions  f o r  h e a t  t r a n s f e r  a r e  no t  accu ra t e  at 
high Mach numbers s i n c e  t h e  a d i a b a t i c  w a l l  temperature should be  used 
i n  p l ace  of t h e  w a l l  temperature Tw, 
where Tw = a d i a b a t i c  w a l l  t empera tu re ,  
y = r a t i o  of p r o p e l l a n t  s p e c i f i c  h e a t s ,  
and M = Mach number = v e l o c i t y  o f  p r o p e l l a n t  / v e l o c i t y  of sound. 
4. Heat Transfer  Optimizat ion - Resu l t s .  
- 
4 . 1  In t roduc t ion  and Summary. 
-
Severa l  p o s i t i o n  dependent ( i . e . ,  l o c a l  and n o t  average) h e a t  
t r a n s f e r  c o r r e l a t i o n s  have been used o r  proposed f o r  t u rbu len t  hydro- 
gen h e a t  t r a n s f e r  i n  nuc lea r  r e a c t o r  cores  ( b, &, 6, 8, 9, 11 ) ,  No 
survey of t he  consequences of u s ing  one p a r t i c u l a r  c o r r e l a t i o n  over any 
o t h e r  has  been repor ted  t o  d a t e ,  s p e c i f i c a l l y  f o r  opt imizing the  nu- 
c l e a r  rocke t  performance. These c o r r e l a t i o n s  must be ex t r apo la t ed  60 
extreme cond i t i ons ,  and i t  i s  important  t o  understand the  dependence 
of an optimum power shape and t h e  a t t e n d a n t  w a l l  temperature d i s t r i b u -  
t i o n  upon t h e  p a r t i c u l a r  mathematical form of t h e  h e a t  t r a n s f e r  cor- 
r e l a t i o n .  These extreme condi t ions  a r e  a  r e s u l t  of t he  low ent rance  
hydrogen temperatures and high power d e n s i t i e s  which e x i s t  i n  nuc lea r  
rocke ts .  The bulk  power d e n s i t i e s  a r e  gene ra l ly  on the  o rde r  of  
hundreds of megawatts per  cubic  f o o t  ( 6, 8 ) .  
The hydrogen gas e n t e r s  t he  core  a t  f a i r l y  low temperatures be- 
cause p r i o r  t o  i n s e r t i o n  i n t o  the  r egene ra t ive ly  cooled rocket  nozz le ,  
i t  i s  most compactly s t o r e d  a s  a  l i q u i d .  This i s  a  n e c e s s i t y  because 
t h e  tank mass requi red  t o  s t o r e  any p rope l l an t  i s  r e l a t e d  t o  the  pro- 
p e l l a n t  mass, Mp, and d e n s i t y ,  p  by ( 2, p. 73 ) : P' 
where Cst  i s  t y p i c a l l y  0.25 ( l b ~  / cu. f t .  ) 2 / 3  Tank mass competes 
w i t h  u s e f u l  payload and hydrogen has  a low dens i ty ,  4  lbm/cu . f t . ,  even 
as a Liquid. Depending upon t h e  kind of s i n g l e  o r  m u l t i p l e  pas s  arrange- 
ment i n  the r e f l e c t o r ,  t h e  hydrogen removes the  h e a t  acquired by t h e  
beryllium through absorp t ion  of core  gamma rays ,  The temperature rise 
should be  s e v e r a l  hundred degrees Rankine and t h e  hydrogen must be a 
gas upon e n t e r i n g  the  core o r  an unacceptable  r e a c t i v i t y  i n s e r t i o n  
r e s u l t s  ( 2,2 ). 
A t  t h e  h igh  power d e n s i t i e s  and low i n l e t  temperatures  considered 
f o r  nuc lea r  rocke t  ope ra t ion ,  l a r g e  r a t i o s  of wall-to-bulk temperatures  
could r e s u l t  i n  t h e  core  i n l e t  s e c t i o n s .  For an optimized nuc lea r  
0 
rocke t  r e a c t o r  core ,  t he  w a l l  temperature may b e  5000 R whi le  t he  i n l e t  
0 
bulk  coolant  i s  200 R, producing a T,/T r a t i o  of  25 which i s  s i g n i f i -  
cantly g r e a t e r  than  t h e  r a t i o  of 8.0,which i s  a t y p i c a l  experimental  
l i m i t  ass igned t o  one of  t he  NERVA-related h e a t  t r a n s f e r  c o r r e l a t i o n s  
discussed i n  Sec t ion  4 . 2 ,  
The primary mot iva t ion  f o r  s tudying  the  dependence of optimum 
power p r o f i l e s  upon the  p a r t i c u l a r  h e a t  t r a n s f e r  c o r r e l a t i o n  used was 
t h a t  t he  t u r b u l e n t  hydrogen c o r r e l a t i o n  assumed by s e v e r a l  previous 
( 5,8 , lO ) nuc lea r  rocke t  s t u d i e s  p r e d i c t s  an unusual phenomenon : any 
decrease  i n  t he  i n l e t  hydrogen bulk  temperatures could cause a l a r g e  
inc rease  i n  p red ic t ed  channel wa l l  temperatures.  Heat - t ransfer  optimi- 
z a t i o n  would n a t u r a l l y  accentua te  t h i s  f e a t u r e ,  which w i l l  be  r e f e r r e d  
to here a s  a w a l l  temperature anomaly because t h i s  r e l a t i o n s h i p  between 
coolant  and w a l l  temperature i s  i n t u i t i v e l y  anomalous, a l though i t  may 
be real, This anomaly c h a r a c t e r i s t i c a l l y  is  found i n  a w a l l  tempera- 
t u r e  d i s t r i b u t i o n  which begins w i th  an i n i t i a l l y  h igh  Tw a t  the  
nuc lea r  r e a c t o r  core  en t r ance ,  decreases  f o r  a s h o r t  d i s t a n c e  along 
t h e  channel desp f t e  t h e  f a c t  t h a t  t he  bulk  hydrogen temperature g- 
c reases  meanwhile, and then reaches a p o i n t  beyond which t h e  T, does 
i nc rease ,  The d i s t u r b i n g  a spec t  about t h i s  i s  t h a t  any decrease  i n  
en t rance  hydrogen bulk  temperature a t  f u l l  power opera t ion  could inc rease  
f u e l  element w a l l  and f u e l  c e n t e r l i n e  temperatures beyond the  m a t e r i a l  
l i m i t s  wi th  subsequent mel t ing  o r  unacceptable  hydrogen s u r f a c e  corro- 
s i o n  of t he  f u e l  elements.  I f  t h i s  anomaly were r e a l ,  t h e  attannment 
of compact and h i g h l y  e f f i c i e n t  nuc lear  rocke t  r e a c t o r  cores  would be 
s e r i o u s l y  l i m i t e d .  Severa l  t u rbu len t  hydrogen h e a t  t r ans fe r  c o r r e l a t i o n s  
more r ecen t  than the  ones used by Yasui ( - 8 ), Cooper ( - 6 ) ,  and Plebuch 
( 10 ) s t i l l  p r e d i c t  t h i s  behavior  a s  i s  shown i n  Sec t ions  4 , 3  and 4 . 4 -  
Moreover, Taylor ( - 4 ) ,  1964, experimental ly  produced such an effect 
al though t h i s  r e s u l t  was tempered by caut ionary  remarks about t he  ex- 
per imenta l  accuracy and t h e  f a c t  t h a t  t he  experimental  e f f e c t  was of  
sma l l e r  magnitude than would be expected by s t r i c t l y  e x t r a p o l a t r n g  
the  many c o r r e l a t i o n s  he surveyed, Regardless  of t h i s ,  t he  improved 
(1964) c o r r e l a t i o n  Taylor  devised s t i l l  p r e d i c t s  t h i s  behavior  as i s  
seen i n  Sec t ion  4.3. 
The most r e c e n t  c o r r e l a t i o n  by Taylor (L), 1968, i s  s impler  i n  
form, comprehends a very  l a r g e  number of d a t a  p o i n t s ,  and when appl ied  
i n  Sec t ion  4.5 p red ic t ed  no such anomaly. For t h i s  reason the  eo r r e l a -  
t i o n a l  e f f e c t s  surveyed i n  t h i s  Chapter a r e  d e l i b e r a t e l y  s epa ra t ed  into 
t h r e e  s e c t i o n s  : Sect ions  4 ,3  and 4.4 w i l l  compare c o r r e l a t i o n s  exhibit- 
i n g  the  temperature anomaly and show t h e  dependence of t he  optimum axial 
power p r o f i l e  upon those  "anomalous" c o r r e l a t i o n s ,  and Sec t ion  4,5 w i l l  
examine t he  a x i a l  power p r o f i l e  consequences of a  "non-anomaly" corre-  
lation, This i s  done f o r  reasons of c l a r i t y  and because t h i s  seems t o  
b e  a n a t u r a l  c l a s s i f i c a t i o n .  Comparison between these  two c o r r e l a t i o n  
c l a s s i f i c a t i o n s  i s  shown a t  t h e  beginning of Sec t ion  4.5 t o  emphasize 
the c o n t r a s t i n g  w a l l  temperature behavior  i n  t h e  i n l e t  s e c t i o n .  
Therefore,  i n  t h i s  Chapter w i l l  be  demonstrated t h a t :  ( 1  .) t h e  o l d e r  
heat t r a n s f e r  c o r r e l a t i o n s  f o r  t u rbu len t  hydrogen flow a r e  i ncons i s  t e n t  
i n  p red ic t ions  of en t r ance  w a l l  temperatures  and p r e d f c t  ques t ionable  
(i,e,, anomalous) w a l l  temperatures  f o r  l a r g e  wall-to-bulk temperature 
r a t i o s ,  (2.)  t h a t  t h e  d e t a i l e d  optimum a x i a l  power p r o f i l e  i s  depen- 
dent  upor1 the  p a r t i c u l a r  c o r r e l a t i o n  used,  b u t  (3.)  t h a t  t h e  phys ica l  
dimensioris of t h e  optimum r e a c t o r  core  and i ts  s p e c i f i c  impulse a r e  in-  
s e n s i t i v e  t o  t he  p a r t i c u l a r  h e a t  t r a n s f e r  c o r r e l a t i o n  used and depend 
p r imar i ly  upon ( a . )  flow r a t e  per  channel,  w (b .) channel d iameter ,  D ,  
and (c. ) core void f r a c t i o n  ,q. Although only f u r t h e r  experimental  
work could r e s o l v e  whether a  temperature anomaly r e a l l y  e x i s t s ,  t he  i n t e r -  
comparisons of "anomalous" c o r r e l a t i o n s  i n  Sec t ion  4 , 3  p l u s  t he  l a c k  
of an anomaly a s  shown i n  Sec t ion  4,5 seem t o  i n d i c a t e  t h a t  such an 
e f fec t  could be due merely t o  c o r r e l a t i o n a l  form and experimental  in -  
accuracy. 
4 ,2  The Heat T rans fe r  Cor re l a t ions .  
The t u r b u l e n t  h e a t  t r a n s f e r  c o r r e l a t i o n  used by Plebuch, 1963, 
( - LO ) f o r  c a l c u l a t i n g  h i s  optimum power p r o f i l e s  is: 
which is s i m i l a r  t o  t h e  c o r r e l a t i o n s  used by Yasui and Cooper, except  
t h a t  t h e i r  cons tan t  f a c t o r  i s  d i f f e r e n t  from 0.023 a s  noted i n  Sec t ion  
2.3. There i s  no explana t ion  a s  t o  why the  cons tan t  should differ, 
Bussard and DeLauerls book on nuc lea r  propuls ion  (1965) d g, ~ ~ 3 . 3 0  ) 
gives t h i s  c o r r e l a t i o n :  
which i s  s a i d  t o  agree  wi th  experiment wi th  an average dev ia t ion  l e s s  
than 10 per  cent .  Taylor  ( 3, p.7 ) a l s o  gives a  s i m i l a r  c o r r e l a t i o n :  
f o r  which t h e  dev ia t ion  is  wi th in  10% and 1.44 < TWIT ( 9 .2  and which 
Taylor  says  t o  be an equat ion  of t he  type used f o r  some NERVA h e a t  
t r a n s f e r  c a l c u l a t i o n s .  I n  t h i s  t h e s i s  on ly  Equation (4.3) r a t h e r  than 
Equation (4.4) was ex tens ive ly  i n v e s t i g a t e d  because t h e  s imi l - a r i t y  i n  
( Tw/T ) r a t i o  i n  Equation (4 ,4)  would probably produce s i m i l a r  re-  
s u l  ts . 
An improved c o r r e l a t i o n ,  i n  t h e  sense  t h a t  r ecen t  (up t o  1964:s 
hydrogen experimental  d a t a  had been incorpora ted  i n t o  the  c o r r e l a t ~ o n ,  
is given by Taylor ( - 4 ) a s :  
T 
which dev ia t e s  from experiment by 210% and covers experimental  data 
f o r  10 ( ti ( 240 , 2 0 0 ' ~  ( T ( 280o0R, 1.1 < TWIT ( 8.0 . 
The most r e c e n t  hydrogen h e a t  t r a n s f e r  c o r r e l a t i o n  successfulLy 
used f o r  NERVA and Phoebus regenerat ively-cooled nozz les  i s  given by 
Taylor ( L ) as :  
Nu = ( 0.023 ) Reoe8 P r o n 4  ( ) exp - ( 0.57 - 1.59DIx ) +  ,( 4.6 ) 
T 
and is  t h e  r e s u l t  of an ex tens ive  review of over 4600 d a t a  po in t s .  The 
range of experimental  condi t ions  were : 2 ( 5  ( 252, 1.1 < TWIT ( 27.6, 
4 . 5 ' ~  ( To ( 573OR, 18 p s i a  < Po ( 2500 p s i a ,  0.036 - Btu ( 4  ( 27.6 
o s-in2 A 
Btu and 53 R ( Tw ( 5 6 0 0 ° ~ ,  where To and Po a r e  t h e  i n l e t  tempera- 
s-2 
ture and pressure .  Notice t h a t  t h i s  c o r r e l a t i o n  i s  much s impler  i n  
f o m  than  any of t h e  o t h e r s ,  t h e r e  be ing  no exponent f o r  t h e  wall-to- 
buZk temperature r a t i o ,  and t h e  range of experimental  cond i t i ons  s a t i s -  
f a c t o r i l y  covers  t he  range of channel condi t ions  expected i n  nuc lea r  
rocke t  r e a c t o r  cores .  The Q/A va lues  comfortably b racke t  t h e  cond i t i ons  
actually found i n  t h e  optimized r e a c t o r  co re s  i n  Sec t ions  4.4 and 4.5; 
f o r  i n s t a n c e ,  a rough c a l c u l a t f a n  f o r  t h e  D = 0.1  i n .  and q= 0.3 
"high-flow-rate" optimum channel y i e l d s  a Q/A va lue  of approximately 
1 2  Btulsec-sq. i n .  However, t he  repor ted  accuracy i s  such t h a t  87% 
af the h e a t  t r a n s f e r  c o e f f i c i e n t s  p red ic t ed  by Equation ( 4.6 ) de- 
viate l e s s  than 25% from t h e  measured va lues .  This  is a much l a r g e r  
deviation than the  dev ia t ions  claimed f o r  Cor re l a t ions  ( 4.3 ) and 
4 , J  A Wall Temperature "Anomaly" and I n l e t  Temperature Incon- 
-
sis t e n c i e s  . 
4 * 3 , 1  The Unusual Behavior P red ic t ed  by Equation ( 4.2 ) 
Cor re l a t ion  ( 4.2 ) has  t h e  modifying c o e f f i c i e n t  ( TITf )Oo8 
which i n  e f f e c t  r e p r e s e n t s  t he  i n t r o d u c t i o n  of a "modified" Rey- 
no lds  nurnber : 
and is  of h i s t o r i c a l  importance f o r  comparative purposes because ic has 
been used by s e v e r a l  au thors  a s  d i scussed  i n  Sec t ion  2 ,3 .  Yasui and 
Cooper bo th  commented upon t h e  h igh  w a l l  temperature p red ic t ed  a t  the 
channel en t rance  f o r  h igh  power d e n s i t i e s  and Plebuch d i sp l ays  with- 
ou t  comment,the l a r g e  w a l l  temperature anomaly a s soc i a t ed  wi th  t h i s  
c o r r e l a t i o n  i n  s e v e r a l  of h i s  optimum power shapes-optimum i n  the sense 
used throughout t h i s  t h e s i s ;  f o e . ,  t h e  nuc lea r  r e a c t o r  core h a s  every 
p o i n t  a long a channel ope ra t ing  a t  t he  s t eady- s t a t e  condi t ion  under one 
of t h e  t h r e e  thermal l i m i t s  of maximum s t r e s s ,  S,  maximum w a l l  temper- 
a t u r e ,  TWMAX, o r  maximum f u e l  c e n t e r l i n e  temperature,  TFMAX. 
Figure 4-1 and Table 4-1 i l l u s t r a t e  t h e  p e c u l i a r  w a l l  temperatures 
p red ic t ed  by Equation ( 4,2 ) f o r  an optimum power shape t h a t  happens 
t o  be cons tan t  because n e a r l y  t h e  e n t i r e  channel l eng th  i s  s t r e s s -  
l i m i t e d  ( see  Sec t ion  3.6) " This f i g u r e  was generated by the  computer 
program, MAXPOW, discussed  i n  Chapter 3 and i s  e s s e n t i a l l y  Figure 1-12 
on page 30 of Plebuch's  Sc,D. t h e s i s ,  I n c i d e n t a l l y ,  t h i s  modFfyLng 
temperature r a t i o ,  ( TITf )Oe8 , i s  extremely important f o r  d u p l i c a -  
t i n g  h i s  power d e n s i t y  f i g u r e s  because when t h e  h e a t  t r a n s f e r  coeff ic -  
i e n t  a s  r epo r t ed  i n  Plebuch's  re ference  26 i s  used, without  assuming 
t h e  use of a modified Reynolds number, only monotonicly-decreasing 
power p r o f i l e s  r e s u l t  and , for  example,thfs p a r t i c u l a r  f i g u r e  cannoc be 
der ived ,  
0 
For t h i s  core  void f r a c t i o n  of 0,3 and t h e  400 R i n l e t  gas ceaLper- 
0 
a t u r e ,  Cbr re l a t ion  ( 4.2 ) p r e d i c t s  a 3272 R AT a t  t he  en t r ance ,  
F I G U R E  4-1 OPTIMLTM REACTOR CORE CHANNEL D I S T R I B U T I O N S ,  
CORRELATION (4.2) 
Table 4-1 
Reactor Core Channel C h a r a c t e r i s t i c s  f o r  Figure 4-1 
0 
Tw, R 
3672 
26 75 
2452 
2444 
2522 
2640 
2781 
2934 
3094 
3258 
3425 
3592 
3759 
3926 
4091 
4255 
4416 
4576 
4733 
4868 
4934 
0 
TCL, R 
4308 
3312 
3089 
3081 
3160 
3278 
3419 
35 73 
3733 
3898 
4065 
4233 
4400 
4568 
4734 
4898 
5061 
5221 
5379 
5500 
5500 
1.200 
1190 
11-79 
4.1 66 
1151 
1135 
EEPQ 
1096 
1.073 
4.049 
1021 
99 1 
957 
922 
882 
83 7 
7 86 
727 
656 
564 
42 3 
0 
The wa l l  temperature decreases by approximately 1230 R while  rhe bu lk  
0 
coolant  temperature r i s e s  by 650 R ! T h i s  r ep resen t s  a  s e r i o u s  problem 
because a t  f u l l  power opera t ion ,  a  reductfon i n  en t rance  coolant  temper- 
a t u r e ,  which is  always poss ib l e ,  would f u r t h e r  i nc rease  t h e  entrance 
w a l l  temperature and poss ib ly  exceed t h e  ma te r i a l s  l i m i t  f o r  either 
f u e l  c e n t e r l i n e  mel t ing  o r  excess ive  w a l l  cor ros ion  by hydrogenr 
"Logically" a  warmer coolant  should be accompan-led by a  warmer wa1.b 
a t  cons tant  power, b u t  t h i s  i s  s t r i c t l y  mathematically t r u e  only i f  
t he  h e a t  t r a n s f e r  c o e f f i c i e n t  remains cons tant .  Since t h e  same tendency 
i n  t he  i n l e t  reg ion  was a l s o  noted wi th  the  chopped cos ine  shape, same 
ent rance  hydrogen condi t ions ,  and same 0.3 core  void f r a c t i o n  i n  Coop- 
e r "  survey ,  t h i s  t r e n d  f s  n o t  a  r e s u l t  of t h e  opt imiza t ion  and must 
be a consequence of t h e  h igh  power dens i ty ,  low i n l e t  temperature,  o r  
the p a r t i c u l a r  mathematical form of t h e  h e a t  t r a n s f e r  c o e f f i c i e n t .  
Ce r t a in ly  any such t r end  w i l l  be  accentuated by an opt imiza t ion  t h a t  
t r i e s  t o  push a l l  m a t e r i a l s  t o  t h e i r  temperature l i m i t s ,  Yasui,  1961, 
( 8 ) acknowledged t h a t  t h i s  ( TITf )O* c o r r e c t i o n  might no t  b e  ad- 
equate  f o r  t h e  l a r g e  temperature g rad ien t s  considered f o r  nuc lear  
ope ra t ion  s o  the  ques t ion  a s  t o  t he  a c t u a l  v a l i d i t y  of r e s u l t s  such a s  
F i g u r e  4-1 remained u n t i l  f u r t h e r  experimental  work could confirm t h e  
c o r r e l a t i o n a l  c o r r e c t i o n  o r  produce more accu ra t e  c o r r e l a t i o n s .  Since 
Equations ( 4.3 ) and ( 4.5 ) became a v a i l a b l e  Later  than  Cor re l a t ion  
( 4 , 2  ) ,  presumably these  a r e  on f i rmer  experimental  f o o t i n g  and would 
s u p e r s e d e  Cor re l a t ion  ( 4.2 ) ,  b u t  no intercomparison wi th  r e s p e c t  t o  
optimum ,power p r o f i l e s  has  been repor ted .  
4.3,2 The Temperature "Anomaly" P red ic t ed  by Equations ( 4.3) 
and ( 4 ,5  ) .  
Cor re l a t ions  ( 4 , 3  ) and ( 4 ,5  ) a l s o  p r e d i c t  w a l l  temperature 
anomalies as  seen i n  Figures  4-2 and 4-3 which assume t h e  same r e a c t o r  
core parameters and i d e n t i c a l  i n i t i a l  hydrogen condi t ions  a s  Figure 4-1. 
Tables 4-2 and 4-3 l i s t  the  channel temperatures  f o r  t hese  f i g u r e s .  
These t a b l e s  e x h i b i t  a  s l i g h t l y  longer  channel than Table 4-1 only be- 
cause t h e  p re s su re  drop l i m i t a t i o n  ( s e e  Sec t ion  3 , 7  ) is n o t  reached 
as quick ly  wi th  t h e  coolant  bu lk  h e a t i n g  allowed by Cor re l a t ions  ( 4.3 ) 
and ( 4,5  ) , a s  by Cor re l a t ion  ( 4.2 ).  Notice t h a t  f o r  t h i s  core  void  
FIGURE 4-2 OFTIMUM REACTOR CORE cwmmL DISTRIBUTIONS, 
CORRELATION (4.3) 
Table  4-2 
Channel Temperatures f o r  F i g u r e  4-2 
Tw, R 
1974 
2769 
2700 
2718 
2797 
2913 
3051 
3202 
3360 
3524 
3689 
3856 
4023 
4189 
4354 
4518 
46 80 
4839 
4904 
4955 
5000 
5000 
TCL, R 
2611 
3406 
3337 
3355 
3434 
3551 
36 89 
3840 
3999 
4163 
4329 
4497 
4664 
4831 
4997 
5161 
5323 
5483 
5500 
5500 
5495 
5426 
1200 
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1000 
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700 
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4 00 
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2 0 0  
100 
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Table 4-3 
Channel Temperatures for Figure 4-3 
x,, ft. 
0 
Tw, R 
0 
TCL, R 
3524 
3329 
3312 
3371 
3470 
3594 
3732 
3879 
4033 
4190 
4349 
4509 
4669 
4830 
4989 
5147 
5303 
5458 
5500 
5500 
5500 
5450 
f r a c t i o n  n e i t h e r  c o r r e l a t i o n  p r e d i c t s  a s  l a r g e  an  anomaly a s  Equation 
( 4.2 ) al though the  power shapes a r e  p r a c t i c a l l y  i d e n t i c a l  because the  
n e a r l y  cons t an t  s t r e s s - l i m i t e d  power dens i ty  ( s e e  Sec t ion  3.6 ) dcm- 
i n a t e s .  I n  o t h e r  words, Equations ( 4.3 ) and ( 4 " 5  ) may predict wall-  
temperature- l imited maximum power d e n s i t i e s ,  Pw, and f u e l  cen te r l l ne -  
temperature- l imited maximum power d e n s i t i e s ,  PC, which a r e  q u i t e  dif- 
f e r e n t ,  b u t  r ega rd l e s s  of t h i s  t h e  magnitudes of each p a r t i c u l a r  Pw o r  
P a r e  g r e a t e r  than the  n e a r l y  cons tan t  s t r e s s - l i m i t e d  maximum power 
C 
d e n s i t y ,  Ps, which is  thus  s e l e c t e d  a s  t he  optimum power d e n s i t y  -Ln 
accordance wi th  t h e  procedure explained i n  Sec t ion  3 . 5 ,  
However, a s  expected because of t h e  t e n t a t i v e  na tu re  of Equat:ion 
( 4.2  ), t he  channel temperature d i s t r i b u t i o n s  p red ic t ed  by C o ~ r e ~ a -  
t i o n s  ( 4.3 ) and ( 4,5  ) a r e  s i g n i f i c a n t l y  d i f f e r e n t  from t h e  temper- 
a t u r e  d i s t r i b u t i o n s  p red ic t ed  by Cor re l a t ion  ( 4 , 2  ) ,  The composite 
p l o t  of w a l l  temperature d i s t r i b u t i o n s  i n  Figure 4-4 and f u e l  cen ter -  
l i n e  temperature d i s t r i b u t i o n s  i n  Figure 4-5 show t h a t  Equatkons ( 4 , 3  ) 
and ( 4 " 5  ) agree  c l o s e l y  f o r  p red ic t ed  temperatures n e a r l y  everp ihere  
except  a t  t he  channel en t r ance  where the  p red ic t ed  temperatures d i s -  
0 
agree  by 913 R f o r  both w a l l  and f u e l  c e n t e r l i n e .  I n l e t  temperature 
p r e d i c t i o n s  a r e  very  i n c o n s i s t e n t  f o r  t h e  f i r s t  0 , 5  f e e t  of channel u n t i l  
0 0 
t h e  bulk  coolant  temperature reaches 1055 R and Tw $$ 2700 R ,  a  ( ' F ~ / T )  
r a t i o  of 3 2.6 .  
These t h r e e  c o r r e l a t i o n s  p r e d i c t  a  s t r e s s - l i m i t e d  s f t u a t f o n  s o  
t h a t  t he  w a l l  and c e n t e r l i n e  temperatures  do n o t  approach t h e i r  respec- 
t i v e  l i m i t s  u n t i l  near  t h e  channel e x i t ,  I f  t h e r e  i s  a  reduct ion  i n  the 
hydrogen en t r ance  bu lk  temperature then  t h e  i n l e t  reg ion  wall ternpera- 
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t u r e s  w i l l  i n c r e a s e  a t  cons t an t  power, b u t  n o t  a l l  w a l l  temperatures  
everywhere along t h e  channel w i l l  i nc rease .  That t h i s  i s  s o  w i l l  b e  
seen by t h e  fol lowing argument. Assume t h a t  a t  cons tan t  power t h e  
power dens i ty  p r o f i l e  a f t e r  t h e  en t r ance  bulk  temperature reduct ion  re-  
mains e x a c t l y  t he  same. This ignores  t h e  p e r t u r b a t i o n  i n  f i s s i o n  
dens i ty  due t o  t h e  i n t r o d u c t i o n  of co lde r  and more dense hydrogen 
which w i l l  a c t u a l l y  occur  i n  a  nuc lea r  rocke t  r e a c t o r .  However, t h i s  
e f f e c t  w i l l  b e  l a r g e l y  r e s t r i c t e d  t o  a  s h o r t  en t rance  reg ion  because 
the  hydrogen w i l l  r a p i d l y  become hea ted  and the  pe r tu rba t ion  w i l l  b e  
shorn i n  Chapter 5 t o  i nc rease  t h e  l o c a l  power d e n s i t y  by a  maximum of 
IO-SO% the re .  With t h e  same power p r o f i l e  and momentarily co lde r  
en t r ance  hydrogen, t h e  hydrogen bulk temperatures  along t h e  channel 
w i l l  j u s t  be uniformly reduced. From t h e  p re sen t  w a l l  temperature 
d i s t r i b u t i o n  i n  Figures  4-2 and 4-3 i t  can b e  seen  t h a t  t h e r e  i s  a  
bu lk  coolant  temperature above which t h e  w a l l  and bulk  coolant  obey 
a  "normal" r e l a t i o n s h i p ,  i . e . ,  they inc rease  o r  decrease toge the r .  
Therefore those e x i t  po r t i ons  of t h e  r e a c t o r  channel ,  which were oper- 
a t i n g  near  t h e  m a t e r i a l  l i m i t s ,  w i l l  f i n d  t h e  l o c a l  Tw and TCL decreased 
a f t e r  t he  en t rance  To reduct ion .  For those i n l e t  s e c t i o n s  of t he  reac- 
t o r  channel which a f t e r  t he  TO reduct ion  have bulk  coolant  temperatures  
below t h i s  c r i t i c a l  temperature,  t h e  l o c a l  Tw and TCL w i l l  have in -  
creased according t o  t he  "anomalous" behavior  of t he  c o r r e l a t i o n  
p r e d i c t i o n  a t  low, bulk  temperatures and h igh  power d e n s i t i e s .  
However, t h e  dynamic s i t u a t i o n  - reduct ion  of i n l e t  bu lk  tempera- 
t u r e  a t  f u l l  power - i s  q u a l i t a t i v e l y  d i f f e r e n t  f o r  each p a r t i c u l a r  
c o r r e l a t i o n .  Notice t h a t  Cor re l a t ion  ( 4.3 ) d i sp l ays  a  "normal" tend- 
ency f o r  t h e  w a l l  temperature t o  i nc rease  wi th  an i n c r e a s e  i n  bulk 
coolant  temperature a t  l e a s t  f o r  t h e  f i r s t  113 f o o t ,  and then follows 
t h e  anomaly depress ion  f o r  another  s h o r t  d i s t a n c e  u n t i l  t he  'hnormal" 
t rend  i s  resumed, Calcu la t ions  wi th  Equation ( 4 , 3  ) assuming an en- 
0 0 
t r ance  bulk  r educ t ion  from 400 R t o  300 R show t h a t  t h e  en t rance  wall 
0 0 
temperature,  T@(O), jumps from 1970 R t o  2540 R and en t rance  f u e l  cen- 
0 0 
t e r l i n e  temperature,  TCL(O), jumps from 2610 R t o  3180 R and cha t ,  
moreover, t h e  l o c a l  "peak" i n  w a l l  temperature d i s t r i b u t i o n  p e r s i s t s ,  
Therefore t h i s  l o c a l  peak would be t h e  l o c a t i o n  a t  which f u e l  center- 
l i n e  mel t ing  o r  excess ive  w a l l  cor ros ion  by hydrogen would occur ,  On 
t h e  o t h e r  hand, Cor re l a t ion  ( 4.5 ) would p r e d i c t  t r o u b l e  a t  the  en- 
t r ance  x*O only .  Both Equations ( 4 , 3  ) and ( 4 " 5  ) t h e r e f o r e  "allowq' 
a  c e r t a i n  amount of i n l e t  bu lk  temperature reduct ion  f o r  s t r e s s - l i m i t e d  
channels be fo re  m a t e r i a l  l i m i t s  a r e  exceeded, The temperature g rad ien t  
ac ros s  t he  channel w a l l  i n  t he  example given was n o t  increased  s o  t h a t  
t h e  s t r e s s  l i m i t  i s  n o t  exceeded. I f  t h e  channel s i t u a t i o n  were all 
wall-or  f u e l  c e n t e r l i n e  - temperature l i m i t e d ,  t he  r e a c t o r  core  could 
n o t  " t o l e r a t e "  t h e  en t r ance  bulk  temperature r educ t ion  a t  cons tan t  power 
because one of t h e  m a t e r i a l  temperature l i m i t s  would be  immediately ex- 
ceeded by t h e  inc rease  i n  i n l e t  Tw. Therefore,  i f  t he  p red ic t ed  o p t i -  
mum power d e n s i t y  us ing  Cor re l a t ions  ( 4.3 ) and ( 4 ,5  ) i s  stress,-LrimL- 
t e d  i n  t h e  i n l e t  reg ion ,  which i s  t h e  reg ion  immediately a f f e c t e d  by 
-
bulk  coolant  temperature r educ t ions ,  some e n t r a n t  bu lk  temperature re-  
duc t ion  can be  t o l e r a t e d ,  t h e  amount of r educ t ion  depending i n  each sit- 
ua t ion  upon how near  t o  t h e  m a t e r i a l s  l i m i t s  t he  i n l e t  reg ion  wall o r  
f u e l  c e n t e r l i n e  i s  a t  s t eady- s t a t e  ope ra t ion ,  
The a s s e r t i o n  t h a t  t he  anomalous behavior  of Tw with  r e spec t  t o  
b u l k  temperature T does i n  f a c t  depend upon some c r i t i c a l  bu lk  temper- 
acure  i s  seen i n  Figures  4-6 and 4-7 where t h e  w a l l  temperatures  pre- 
d i c t e d  by Cor re l a t ions  ( 4.3 ) and ( 4.5 ), r e s p e c t i v e l y ,  a r e  p l o t t e d  
against t h e  bulk coolant  temperatures f o r  one s e t  of r e a c t o r  co re  para- 
meters and one p o s i t i o n ,  x=O a t  t h e  channel en t rance .  The c r i t i c a l  
temperature occurs  a t  t he  po in t  of i n f l e c t i o n  and is dependent upon 
s p e c i f i c  power d e n s i t y  - the  l a r g e r  t h a t  t he  power d e n s i t y  i s ,  then  t h e  
hsgher  t h a t  t h e  c r i t i c a l  temperature w i l l  be  and consequent ly,  t h e  
longer  t h e  channel reg ion  a f f e c t e d  by the  "anomalous" behavior  of w a l l  
temperature.  These f i g u r e s  show t h a t  many combinations of low i n i t i a l  
bu lk  coolant  temperature wi th  h igh  s p e c i f i c  power dens i ty  can g r e a t l y  
magnify t h e  tendency t o  p r e d i c t  very  h igh  w a l l  temperatures  a s  r e s u l t  
of reduct ion  i n  bulk  coolant  temperature.  
Figures  4-6 and 4-7 can b e  used f o r  o the r  void f r a c t i o n s  a t  t h e  
same channel p o s i t i o n ,  x-0, by s c a l i n g  t h e  s p e c i f i c  power d e n s i t y  curve 
parameter i n  t h i s  manner: 
where t h e  q u a n t i t i e s  wi th  a prime a r e  t h e  r e f e rence  va lues  f o r  
Figures 4-6 and 4-7. Since y= 0.5 t h i s  s c a l i n g  s i m p l i f i e s  t o  : 
as an example, Figures  4-1 through 4-5 a r e  based uponl)=O. 3 and a 
s i t u a t i o n  where t h e  - bulk  power d e n s i t y  i s  s t r e s s - l i m i t e d  t o  260 
mJcu,Ft;.  By Equation ( 3.12 ) :  
BULK COOLANT TEMPERATURE (OR) 
FIGURE 4-6 WALL TE~ERATURF: VERSUS BULK c OOLANT TEMPERATURE, 
PREDICTED BY CORRELATION (4.3) 
BULK COOLANT TEMPERATURE (OR) 
FIGURE 4-7 WALL TEMPERATURE VERSUS BULK COOLANT TEMPERATURE, 
PREDICTED BY CORRELATION (4.5) 
"Bulk" P = " spec i f i c "  P 
( 1 - 1 1  
( see  Sec t ion  3.6) one f i n d s  P' = 26010.3 = 867 MN/Cu. F t .  a s  the 
f i c  power d e n s i t y  parameter t o  use  i n  e i t h e r  Figure 4-6 o r  Figure 4-7. 
-
Thus, fol lowing an es t imated  curve  l abe l ed  867 MM/Cu,Ft. would enable 
one t o  p r e d i c t  t h e  inc rease  i n  Tw f o r  a  decrease  i n  bulk  T a t  x=O for? = C , 3 ,  
This  s c a l i n g  f o r  void f r a c t i o n s  is  due t o  Equation ( 3.8 ) :  
[ Tw (x) - T (x) I h  = D ( 1-71 P(x)/bT) . 
A l l  one can s a y  from t h i s  equat ion  is  t h a t  a  p a r t i c u l a r  Tw and T axe 
c o n s i s t e n t  wi th  t h e  q u a n t i t y  ( 1 - 7 )  P/7) . I f  one wished t o  use  
Figures  4-6 and 4-7 t o  p r e d i c t  Tw versus  T f o r  a  p o s i t i o n  d i f f e r e n t  
from PO,  then t h e  e x p l i c i t  form f o r  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t ,  h, 
would have t o  be considered,  Equation ( 4 ,3  ) very  e a s i l y  lends i t se l f  
t o  p o s i t i o n  s c a l i n g  because of t h e  s e p a r a t i o n  of s p a t i a l  and tempera- 
t u r e  r a t i o  co r r ec t ions :  
so  t h a t  Tw ve r sus  T could be found a t  any p o s i t i o n  x by us ing  the cur- 
/ 
ves of Figure 4-6 w i t h  the  s p e c i f i c  power dens i ty  parameter P changed 
according to :  
Equation ( 4 ,5  ) does n o t  lend i t s e l f  t o  p o s i t i o n  s c a l i n g .  
L%,3,3. The Power Density "Anomaly" 
-- 
The r e s u l t s  of Sec t ions  4 ,3 .1  and 4 ,3 ,2  have been based upon one 
f low r a t e  pe r  channel,  w = 1 , 0 1 3 ~ 1 0 - ~  lbm/s/channel,  For t h e  same void  
f r a c t i o n ,  b u t  a lower flow r a t e ,  t h e  optimum power d e n s i t y  p r o f i l e  should 
be  expected t o  become l e s s  s t r e s s - l i m i t e d  and even more inf luenced  by 
the  mathematical form of t he  h e a t  t r a n s f e r  c o r r e l a t i o n s .  A t  a pa r t i cu -  
l a r  p o s i t i o n ,  x ,  where t h e  bulk  coolant  temperature i s  f i x e d  a t  T(x) ,  
the h e a t  t r a n s f e r  c o e f f i c i e n t  goes approximately a s  PJ w o e 8  ) c  o r  ( Tw 
0,8 T N w ( --) f o r  c a l c u l a t i n g  t h e  wall-temperature-limited power 
density, P,where c = proper  exponent a t  x and t h e r e f o r e  a cons t an t ,  
Then by Equation ( 3 . 8 , 1  ) : 
and P, goes approximately a s  /\/ 1~ - T (*i(w O o 8  T )c s i n c e  (TWMAX 
the s t r e s s - l i m i t e d  maximum power d e n s i t y ,  Ps, is  e s s e n t i a l l y  cons tan t ,  
at 801118 W, PW must become sma l l e r  than Ps a t  the  lower flow r a t e .  The 
same i s  obviously t r u e  a t  a cons tan t  flow r a t e  a s  t h e  inc rease  i n  bulk  
temperature decreases  t h e  ( T W  - T ) temperature d i f f e r ence .  When 
the l e v e l i n g  o r  f l a t t e n i n g  of t h e  s t r e s s  l i m i t  i s  n o t  found a t  x, then  
the mathematical form of t he  h e a t  t r a n s f e r  func t ion  determines t h e  pre- 
df c t ed  power shape t o  fol low,  I n  Figure 4-8 a flow r a t e  w = 0,44 ~ 1 0 ' ~  
Ibm / s/ channel,  about one-half t h a t  used f o r  Figures  4-1 through 4-7, 
razsults i n  p a r t i a l l y - s t r e s s - l i m i t e d  optimum power p r o f i l e s .  Once aga in  
Equation ( 4*2  ) magnif ies  t h e  w a l l  temperature anomaly, be ing  almost 
0 
600 W deepe rz than  p r e d i c t i o n s  by Equations ( 4.3 ) and ( 4.5 ) which 
agree w e l l  over t h e  e n t i r e  channel length .  
DISTANCE FROM CORE INLET, X (FT.) 
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Relaxing t h e  s t r e s s  l i m i t  a t  w = 1.013 x lbm/s/channel can 
a l s o  be accomplished by going t o  a  r e a c t o r  core  wi th  l a r g e r  core  void 
f r a c t i o n .  Phys i ca l ly  t h i s  s t r e s s  l i m i t  r e l a x a t i o n  happens because the  
a c t u a l  channel w a l l  th ickness  becomes r e l a t i v e l y  th inne r  : 
In terms of a l lowable maximum s t r e s s - l i m i t e d  power d e n s i t y ,  Table 3-4 
0 
shows t h a t  P  inc reases  from 377.2 MM/Cu.Ft. a t  core  void f r a c t i o n  0.3 
t o  2054 MW/Cu.Fr. a t  core void  f r a c t i o n  0.5. The al lowable Pw and P 
c  
a l s o  inc rease  wi th  void f r a c t i o n ,  b u t  n o t  a s  r a p i d l y  a s  Ps s o  t h a t  a t  
t h e  h ighe r  void f r a c t i o n  they may be the  l i m i t i n g  p red ic t ed  power den- 
s i t i e s  r a t h e r  than P  . Figure 4-9 confirms t h a t  f o r  void f r a c t i o n  = 0.5, 
S 
the s t r e s s  power l i m i t a t i o n  i s  above any of t h e  w a l l  and f u e l  cen ter -  
line temperature - l i m i t e d  power d e n s i t i e s  f o r  t he  e n t i r e  channel l eng th ,  
and the  p red ic t ed  optimum power p r o f i l e s  a r e  s o l e l y  inf luenced  by the  
form of t he  h e a t  t r a n s f e r  c o e f f i c i e n t .  The more r e c e n t  Cor re l a t ions  
( 4 . 3  ) and ( 4.5 ) agree  i n  p red ic t ed  optimum power d e n s i t i e s ,  except  
flor those  po in t s  very  c l o s e  t o  t he  en t rance ,  whi le  Cor re l a t ion  ( 4 * 2  ) 
peaks almost 140 M W / C U . F ~ .  g r e a t e r  than the  o t h e r s ,  
The non-stress- l imited optimum power p r o f i l e s  i n  Figures  4-8 and 
4-9 are a  r e s u l t  of v a r i a t i o n  i n  t h e  c a l c u l a t e d h e a t  t r a n s f e r  c o e f f i c i e n t .  
Because t he  i n c r e a s i n g  bulk  temperature would always tend t o  decrease  
the  temperature d i f f e r e n c e  ( Tw - T ), then a  cons tan t  h  would imply an 
optimum power p r o f i l e  decreas ing  wi th  x,  by Four i e r ' s  law, Equation 
Q 3.8 ) .  So f o r  wall-and c e n t e r l i n e  - l i m i t e d  optimum r e a c t o r  core  
channels t he  so-ca l led  w a l l  temperature "anomaly" converts  t o  a  "power 
derasity anomaly". A t  t he  p a r t i a l l y - s t r e s s - l i m i t e d  s i t u a t i o n  of Figure 
111. 
'4' z0.5 
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4-8, we f i n d  a mix ture :  a  power "anomaly" p reced ing  i n  channe l  p o s i -  
"con x, a w a l l  t empera tu re  "anomaly". The power d e n s i t y  "anomaly" s i t -  
u a t i o n  can t o l e r a t e ,  i n  t h e  p h y s i c a l  s e n s e ,  no r e d u c t i o n  i n  e n t r a n c e  
hydrogen b u l k  t empera tu re  a t  c o n s t a n t  power because  t h i s  would immediate ly  
cause  e i t h e r  t h e  p r e d i c t e d  w a l l  o r  c e n t e r l i n e  t empera tu re  t o  r i s e  above 
t h e  r e s p e c t i v e  l i m i t .  
4 .3 .4  Comparison of Equa t ion  (4.3) w i t h  Equa t ion  (4 .6)  
I n  S e c t i o n s  4 .3 .1  through 4.3.3 i t  h a s  been emphasized t h a t  Cor- 
r e l a t i o n s  ( 4 . 2 ) ,  ( 4 . 3 ) ,  and (4 .5)  a l l  p r e d i c t  t empera tu re  anomal ies  
f o r  channel  c o n d i t i o n s  a s s o c i a t e d  w i t h  h i g h  power d e n s i t i e s  and 
low b u l k  c o o l a n t  t empera tu res .  Even though C o r r e l a t i o n  (4.5) i s  a  
s y s t e m a t i c  a t t e m p t  t o  more a c c u r a t e l y  r e p r e s e n t  t h e  hydrogen d a t a  a v a i l -  
a b l e  up t o  1964, r e s u l t s  u s i n g  Equa t ion  (4.5) s t i l l  a g r e e  c l o s e l y  w i t h  
Equa t ion  ( 4 . 3 ) .  Such a w a l l  t empera tu re  b e h a v i o r  cou ld  b e  experimen- 
t a l l y  produced ( 4 ) ,  - b u t  most of t h e  d a t a  had been t a k e n  a t  wal l - to-  
b u l k  t empera tu re  r e a t i o s  less t h a n  4.0 and n o t  a t  t h e  h i g h  w a l l  temper- 
a t u r e s  d e s i r e d  f o r  n u c l e a r  r o c k e t  o p e r a t i o n .  
U n f o r t u n a t e l y ,  t h e  r e a c t o r  d e s i g n e r  must assume t h a t  c o r r e l a t i o n s  
which a c c u r a t e l y  r e p r e s e n t  h e a t  t r a n s f e r  d a t a  a t  one range of hydrogen 
c o n d i t i o n s  may remain approx imate ly  v a l i d  f o r  e x t r a p o l a t i o n  t o  more ex- 
treme c o n d i t i o n s .  Cont inu ing  e x p e r i m e n t a t i o n  and a comprehensive s u r -  
vey of a l l  a v a i l a b l e  t u r b u l e n t  s i n g l e  phase  hydrogen h e a t  t r a n s f e r  d a t a  
r e s u l t e d  i n  Equa t ion  (4.6) (1968).  F i g u r e  4-10 v e r y  c l e a r l y  shows 
t h e  s i g n i f i c a n t  change t h a t  h a s  o c c u r r e d  i n  t h e  channel  i n l e t  s e c t i o n  
because  of  Equa t ion  (4.6) . For t h e s e  channe l  pa ramete rs  and e n t r a n c e  
hydrogen c o n d i t i o n s ,  t h e  power "anomaly", s e e n  i n  F i g u r e  4-9 and re -  
aoa 
DISTANCE FROM COW INLET, X (FT.) 
FIGURE 4-10 CObf~ARISON OF OPTIMUM REACTOR CHANNEL DISTRIBUTIONS AS PREDICTED 
BY CORRELATION (4 .3 )  AND CORREMTION (4 .6 )  
p l o t t e d  i n  t h i s  f i g u r e ,  has  y i e lded  t o  t h e  f l a t  s t r e s s - l i m i t e d  power 
p r o f i l e ,  Because P is e s s e n t i a l l y  cons tan t  and independent of t he  
s 
c o r r e l a t i o n a l  form a s  demonstrated i n  Sec t ion  3.6 then Cor re l a t ion  ( 4.6 ) 
must p r e d i c t  P C ' s  and Pwls  which a r e  l a r g e r  than P  . hence, Ps becomes 
s 
the l i m i t i n g  power d e n s i t y .  Therefore Figure 4-10 i n d i r e c t l y  g raph ica l ly  
demonstrates an i n e q u a l i t y  f o r  p red ic t ed  maximum power d e n s i t i e s  : 
and Zquation ( 4.6 ) must r ep re sen t  a  l e s s e r  r e s i s t a n c e  t o  h e a t  flow 
i n t o  the  hydrogen coolant  a t  low bulk  temperatures .  That i s ,  a  given 
-
( Tw-T ) al lows a  g r e a t e r  power d e n s i t y  wi th  Cor re l a t ion  ( 4.6 ) than  
with Cor re l a t ion  ( 4 ,3  ) . 
Because of t h i s  lower r e s i s t a n c e  t o  h e a t  flow i n t o  t h e  hydrogen 
coolant  ( a s  i nd ica t ed  by lower w a l l  temperatures  ) ,  i t  i s  i n t e r e s t i n g  
to no te  t h a t  wi th  Cor re l a t ion  ( 4.6 ) t he  wall-to-bulk temperature r a t i o  
newer goes very  much above 2, even though the  experimental  range of 
( T,/T ) covered by Equation ( 4.6 ) extends t o  ( Tw/T ) = 27,6, wh i l e  
Equation ( 4.3 ) which is presumably v a l i d  f o r  a l l  ( TWIT ) ( 9.2.  
c o n s i s t e n t l y  p r e d i c t s  ( Tw/T ) > 12 i n  t h e  i n l e t  channel reg ions .  It 
canrdot be d e f i n i t e l y  proven t h a t  Cor re l a t ion  ( 4,6 ) r ep re sen t s  an im- 
provement over Cor re l a t ions  ( 4.3 ) and ( 4.5 ) , al though t h e  channel 
condi t ions  surveyed f o r  Cor re l a t ion  ( 4.6 ) would i n d i c a t e  t h i s ,  because 
t h e  s t a t e d  accuracy of Equation ( 4.6 ) is  much l e s s  than t h e  s t a t e d  
accuracy of t h e  o t h e r  c o r r e l a t i o n s .  There i s  no explana t ion  why t h i s  
c o r r e l a t i o n  should n o t  p r e d i c t  t h e  same "anomaly" a s  p red ic t ed  by t h e  
others. 
4.4 Parametr ic  Survey of Optimum Reactor Channel C h a r a c t e r i s t i c s  
- 
Associated wi th  Cor re l a t ion  ( 4.3 ) Which Exh ib i t s  a  Wall 
Temperature Anomaly, 
4 , 4 , 1  Se l ec t ion  of w, To,  Po and D, 
Experimental evidence i n d i c a t e s  t h a t  a  w a l l  temperature drop can 
occur a s  t h e  bulk  coolant  temperature r i s e s  ( - 4 ) ,  al though t o  a 
sma l l e r  e x t e n t  than p red ic t ed  by e i t h e r  Equat ions ( 4,2  ) and ( 4.3 ) .  
It is  necessary  t o  determine the  e f f e c t  t h a t  such a  w a l l  temperature 
anomaly has upon t h e  p red ic t ed  optimum power p r o f i l e s .  Since bo th  
Cor re l a t ions  ( 4.3 ) and ( 4.5 ) gene ra l ly  agree  a s  t o  p red ic t ed  power 
shapes and channel temperatures  f o r  many cases  c a l c u l a t e d ,  only Cor- 
r e l a t i o n  ( 4 , 3  ) was s e l e c t e d  f o r  a  paramet r ic  s tudy ,  Both correlations 
a r e  s e n s i t i v e  t o  t h e  low i n l e t  bu lk  temperatures  probably requi red  for 
t he  nuc lea r  rocke t  hydrogen coolant  s o  two core  en t r ance  temperatures  
0 0 
of  T0=300 R and T0=500 R were chosen f o r  t he  c a l c u l a t i o n s  i n  t h i s  
Sec t ion ,  The s e l e c t i o n  of t h e  core  i n l e t  hydrogen temperature f o r  
s t eady- s t a t e  ope ra t ion  can be changed a r b i t r a r i l y  by the  r e a c t o r  de- 
s i g n e r  by a d j u s t i n g  t h e  temperature of t h e  hydrogen i n s e r t e d  i n t o  t i e  
regenerat ively-cooled nozzle .  E a r l f e r  s t u d i e s  ( -- 6,10 ) us ing  the cor- 
r e l a t i o n a l  ( T/Tf) O o 8  form of Equation ( 4.2 ) i nd i ca t ed  t h a t  a  f low 
r a t e  nea r  w = 1.013 x lom2 lbm/s/channel ( 4,6 grams/s/channel ) i s  opti- 
mum f o r  producing minimum weight nuc lea r  rocke t  systems f o r  a  flow 31a- 
meter ( o r  hydrau l i c  diameter ) of D = 0 . 1  inches.  This flow r a t e  is 
t e n t a t i v e l y  adopted i n  t h i s  paramet r ic  survey a s  t he  "high f l o w  rate0', 
b u t  a  lower flow r a t e  might be necessary  i f  t he  l a r g e  p re s su re  drops  
a long  the  channel which r e s u l t  a s  r epo r t ed  i n  t h i s  Sec t ion  a r e  unaceep- 
from more d e t a i l e d  cons ide ra t ions  of t h e  mechanical suppor t  of t h e  
r e a c t o r  core.  
S e l e c t i o n  of a lower s t eady- s t a t e  flow r a t e  is  complicated because 
the temperature dependence of hydrogen v i s c o s i t y ,  
= 1.553 x 10 - 7 T 0 . 6  lbm [ 
sec - f t  
means t h a t ,  i n  terms of Reynolds number, hydrogen can e n t e r  a channel 
s a f e l y  i n  t he  t u r b u l e n t  flow cond i t i on  and leave  t h e  channel s a f e l y  i n  
the  laminar  flow regime because t h e  Reynolds number has decreased a s  
the bulk  temperature has increased .  Heat t r a n s f e r  is much more e f f i c i e n t  
for  turbtr lent  flow than f o r  laminar flow meaning t h a t  t h e  laminar  flow 
por t ions  of t h e  channel are much more r e s t r i c t e d  a s  t o  al lowable power 
d e n s i t i e s .  For a l l - laminar  flow, t he  p o s s i b i l i t y  of a "laminar flow 
i n s t a b i l i t y "  e x i s t s  i n  t h a t  f o r  two i d e n t i c a l  channels having t h e  same 
rate of h e a t  a d d i t i o n  and wi th  the  t o t a l  p re s su re  drop h e l d  cons t an t  
there can be  two flow r a t e s .  The lower flow r a t e  is  uns t ab le  and channel 
burn-nut can r e s u l t ,  Reshotko ( 20 ) has  a n a l y t i c a l l y  v e r i f i e d  t h i s  be- 
-
havior  i n  terms of t he  ampl i f i ca t ions  of i n f i n i t e s i m a l  d i s tu rbances  and 
est imated t h a t  t h e  c h a r a c t e r i s t i c  t i m e s  of t h i s  i n s t a b i l i t y  a r e  on the  
order of seconds and minutes.  I n  o t h e r  words, a design based upon s teady-  
s t a t e  laminar  flow a t  a flow r a t e  pe r  channel W , might f i n d  t h a t  lami- 1 
nar flow opera t ion  could a c t u a l l y  e s t a b l i s h  flow r a t e s  of  Wl and W2 i n  
ad jacent  channels having i d e n t i c a l  h e a t  a d d i t i o n  r a t e s  and a conmon8PX 
imposed upon both.  The "laminar flow i n s t a b i l i t y "  then would d r i v e  t h e  
lower flow r a t e  W2 t o  zero and burn-out would r e s u l t .  To avoid channel 
burn-out t h e  cool-down of a nuc lea r  rocke t  r e a c t o r  would r e q u i r e  pulsed 
cool ing  t o  i n s u r e  t u rbu len t  flow, r a t h e r  than a  s teady  low f low of  pro- 
p e l l a n t  t o  remove t h e  f i s s i o n  product decay h e a t  and r e c e n t l y  repor ted  
NERVA t e s t  d a t a  ( - 42 ) show t h a t  cool-down can take  days f o r  an h o u r ' s  
s t eady  opera t ion .  
S teady-s ta te  ope ra t ion  must a l s o  i n s u r e  t u r b u l e n t  flow. The pro- 
per  Reynolds number f o r  t r a n s i t i o n  from t u r b u l e n t  t o  laminar flow I s  
taken t o  be 2100 by Bussard ( - 11, p. 128 ) ,  2200 by E l l e rb rock  ( -- l 9  ) ,  
and 5000 by Yasui ( - 8 ) , whi le  Harry ( - 21 ) and Turney ( - 22 ) use  the  
c r i t e r i a  t h a t  laminar  flow w i l l  remain laminar  up t o  Re = 2100 and tur -  
bu len t  flow w i l l  remain tu rbu len t  down t o  Re = 2100. A flow r a t e  o f  
w = 1.013 X l om3  lbmlslchannel  is  adopted f o r  convenience i n  t h i s  s t udy  
a s  t he  "low flow ra t e "  and i n s u r e s  t h a t  t u r b u l e n t  flow condi t ions  pre- 
v a i l  a long any e n t i r e  channel l eng th ;  t h a t  i s ,  t h e  Reynolds number @or- 
0 3 
responding t o  t he  above "low flow r a t e "  a t  T  = 5000 R i s  Re = 6,014 x LO , 
The above c a l c u l a t i o n s  a r e  based upon a  flow ( o r  hydrau l i c  ) dia-  
meter D = 0 . 1  inches.  Pre l iminary  c a l c u l a t i o n s  ( - 6 ,8  - ) have shown t h a t  
a  very  sma l l  flow diameter ( a s  smal l  a s  poss ib l e  c o n s i s t e n t  wi th  fab- 
r i c a t i o n  c a p a b i l i t i e s  ) i s  d e s i r  ab l e  and t h e  r e c e n t  ex t ens ive  nuc lea r  
mission opt imiza t ion  s tudy  ( - 13,  Figure 7 ) i n d i  c a t e s  t h a t  t h i s  flow 
diameter  i s  a  p r a c t i c a l i t y  f o r  t h e  Rover nuc lea r  rocke t  engines ,  Cak- 
c u l a t i o n s  wi th  s e v e r a l  en t r ance  hydrogen p re s su res ,  P o ,  have showrr t h i s  P O  
parameter t o  be n o t  c r i t i c a l  i n  determining any optimum power p r o f i l e  - 
which is  c o n s i s t e n t  wi th  t h e  demonstrat ion i n  Sec t ion  3.6 t h a t  t he  s t r e s s -  
l i m i t e d  maximum power d e n s i t y ,  Ps, i s  p r a c t i c a l l y  independent o f  the  
channel hydrogen cond i t i ons ,  The va lue  1200 p s f a  i s  presented  i n  the 
fo l lowing  f i g u r e s  and is  a  f a m i l i a r  p re s su re  l e v e l  f o r  nuc lear  rocke t  
s t u d i e s  . 
4 , 4 , 2  Optimum Reactor Channel C h a r a c t e r i s t i c s  a s  a Function 
-- 
of Void F rac t ion .  
Figures  4-11 through 4-15 show t h e  optimum r e a c t o r  charac te r -  
istics as pred ic t ed  by Cor re l a t ion  ( 4 " 3  ) with  t h e  core void f r a c t i o n  
0 
as the curve parameter and T, = 300 R. Figure 4-11 p re sen t s  t h e  op- 
timum power p r o f i l e s  f o r  t h e  s t eady  s t a t e  "high flow rate1', w t 1.013 
x Ibm/s/channel,  The two most prominent f e a t u r e s  f o r  t h e s e  power 
p r o f i l e s  a r e  t he  inc rease  i n  peak maximum power d e n s i t y  and the  relaxa-  
t i o n  of t he  s t r e s s  l i m i t a t i o n  a s  t h e  core  void f r a c t i o n  is  increased .  
For a cons tan t  channel flow diameter ,  l a r g e r  void f r a c t i o n s  mean r e l a t i v e l y  
th inne r  channel w a l l  th icknesses  and l e s s  l i m i t a t i o n  from thermal s t r e s s e s ,  
Those por t ions  of t he  channel which have the  f l a t  power shape a r e  s t r e s s  
Ximlted as expla ined  i n  Sec t ion  3.6,  and t h e r e f o r e  t h e  w a l l  and f u e l  
centerline temperatures  t h e r e  a r e  below TWMAX and TFMAX, r e s p e c t i v e l y ,  
because only one thermal l i m i t a t i o n  can apply a t  each channel p o s i t i o n ,  
Without knowing the  i n t e r n a l  channel temperature d i s t r i b u t i o n s ,  
one can s e e  t h a t  an unusual  s i t u a t i o n  must occur  a t  t h e  i n l e t  s e c t i o n s  
of these optimized channels.  For 7 = 0.4 the  power p r o f i l e  goes through 
a. minimum between x=O and x = 0.3 f t . ,  followed by the  f l a t n e s s  indfca-  
t i n g  s t r e s s  l i m i t a t i o n ,  Because t h i s  i s  a maximum power d e n s i t y  p r o f i l e  
any inc rease  i n  optimum power dens i ty  along t h e  channel i s  h igh ly  unusual 
and con t r a ry  t o  common experience wi th  constant-property coolants .  This  
i s  the  power d e n s i t y  "anomaly" explained i n  Sec t ion  4 , 3 , 3  and can only 
occur f o r  non-constant h e a t  t r a n s f e r  c o e f f i c i e n t s ,  With Cor re l a t ion  
( 4 * 3  ) the onse t  of t he  power d e n s i t y  anomaly Bccurs a t  x = 0,05  f e e t  
( x/B = 6 ). I n t e r e s t i n g l y ,  t he  o&mum power shapes f o r  7 = 0.5 and 
q =  0 , 6  a r e  very  s i m i l a r  t o  those  found i n  t y p i c a l  end-ref lec ted ,  un- 
iformly loaded nuc lea r  r e a c t o r  co re s ,  whereas t h e  optimum power shapes 

f a r  1 = 0.4 would c e r t a i n l y  r e q u i r e  a non-uniform uranium d i s t r i b u t i o n  
t o  form the  proper s t eady- s t a t e  power d i s t r i b u t i o n .  I f  Cor re l a t ion  ( 4 , 3  ) 
i s  v a l i d  f o r  t h e  l a r g e  wall-to-bulk temperature g rad ien t s  expected i n  
nuc lea r  rocke t  r e a c t o r  s t eady- s t a t e  ope ra t ions ,  then having a core  
> 0,s would be very  d e s i r e a b l e  from the  s t andpo in t  of uranium f u e l  re-  
arrangement s i n c e  t h e  power shape f o r  uniformly loaded nuc lea r  r e a c t o r s  
would c l o s e l y  match t h e  des i r ed  p r o f i l e .  
The r e a c t o r  co re s  having the  low void f r a c t i o n s  77= 0 .1  and 7 )  = 0.2 
c o n s i s t e n t l y  d i s p l a y  unfavorably long channel l eng ths  a s  compared t o  t he  
h i g h e r T P s ,  whether optimized o r  n o t ,  For t h e s e  cases ,  t h e  optimum 
power d e n s i t i e s  a r e  s t r e s s - l i m i t e d  t o  such low va lues  t h a t  t h e  gas cannot 
be  hea ted  very  r ap id ly .  Figure 4-12 shows t h a t  a t  x = 3.1 f t ,  , 7 )  = 0 . 1  
0 
achieves T = 1360 R,  7)  = 0.2 achieves T = 2680 '~ ,  whi le  7 ]  = 0.3 achieves 
0 0 
T = 4000 R. Even a t  x = 4 f t ,  , 73 = 0 , 1  achieves T-exit = 1650 R 
0 
a s  compared t o  T-exit = 3200 R f o r  7 = 0 .2 ,  Figure 4-12 shows the  de- 
f i n i t e  advantage i n  choosing a hfgh core  void f r a c t i o n  t o  both i n c r e a s e  
o u t l e t  temperature of t he  p rope l l an t  hydrogen and decrease t h e  r equ i r ed  
0 
channel length .  For T =  0 , 4  an o u t l e t  temperature of 4000 R is  reached 
a t  a f o o t  s h o r t e r  d i s t a n c e  than f o r  ? =  0 , 3 ,  and 7)=  O,4 can cont inue t o  
0 
heat t he  coolant  t o  T = 4200 R f o r  0 .3  e x t r a  f e e t  a s  explained i n  t he  
next paragraph, There i s  a diminished i n c e n t i v e  f o r  much h ighe r  core  void  
f r a c t i o n s  because the  hydrogen coolant  temperature d i s t r i b u t i o n  changes 
very s l i g h t l y  from T =  0.4 t o  7)= 0.6,  although t h e  peak optimum power 
dens i ty  requi red  inc reases  from 530 MM/Cu.Ft, t o  1040 MW/Cu.Ft. 
The decreased channel l eng th  t h a t  accompanies t h e  more e f f i c i e n t  
hear ing  p r o f i l e  of the  h i g h e r 7 ' s  i s  determined by t h e  a v a i l a b l e  p re s su re  
BULK COOLANT TEMPERATURE (OR) 
d r o p ,  Figure 4-13 d i sp l ays  t h e  pressure  and t h e  dens i ty  d i s t r i b u t i o n s  
a s soc i a t ed  wi th  t h e  optimum power and temperature p r o f i l e s  of Figures  
4-11 and 4-12. A t  any given channel p o s i t i o n ,  x ,  t he  p re s su re  drop in-  
c r eases  a s  ? inc reases ,  although between -r) = 0.4 and 7 = 0.6 the  pres-  
su re  d i s t r i b u t i o n  s h i f t s  r e l a t i v e l y  l i t t l e .  The hydrogen d e n s i t y ,  p ,  
a l s o  follows t h i s  t r end .  A s  d i scussed  i n  Sec t ion  3.7,  t h e  computer pro- 
gram R 9 t e s t s "  t he  a v a i l a b l e  p re s su re  drop a t  p o s i t i o n  x  t o  s e e  i f  t h e r e  
is  enough p re s su re  t o  al low the  minimum e x t r a p o l a t i o n  of t he  p re sen t  
power dens i ty ,  P (x) , t o  zero a t  x  + Ax. I n  o t h e r  words, s i n c e  t h e  
i m p l i c i t  i n t e g r a t i o n  of Equation ( 3.11.1 ) : 
assumes a  l inear-with-x behavior  of t h e  ca l cu la t ed  power dens i ty ,  t he  
b u l k  coolant  temperature T ( x+hx ) 9 T ( x ) even wi th  P ( x + ~ x  ) = 0 
and t h i s ,  i n  t u r n ,  impl ies  a  hydrogen dens i ty  change and a  minimum 
pres su re  drop from x  t o  x+Ax,  I f  t h e  minpmum pres su re  drop i s  g r e a t e r  
than  the  a v a i l a b l e  p re s su re  P* (x) then the  c a l c u l a t i o n  i s  terminated a t  
x and no  at tempt  i s  made t o  achieve P-exi t  = o ,  I n  a  sense ,  t h e  channel 8. 
l engths  ca l cu la t ed  a r e  n o t  r e a l l y  the  maximum al lowable,  b u t  because 
x j 0 . 1  f t .  the  d i f f e r e n c e  i s  very  s l i g h t .  Figure 4-13 shows t h a t  SP, 
inc reases  from 190 p s i a  a t  ?= 0.1  t o  430 p s i a  a t  q =  0 , 6 .  Due t o  t he  
increased  fo rce  imposed on the  core ,  t hese  h ighe r  p re s su re  l o s s e s  i nc rease  
the  s t r u c t u r a l  weight of the  base core  i n l e t  suppor t ;  however, a l l  r e a c t o r  
cores  with?? 0.3  bea r  t he  same weight pena l ty  s i n c e  the  &.is roughly the  
same f o r  a l l r )  above t h i s  core  void f r a c t i o n .  Increas ing  Po would inc rease  
the al lowable channel length  because t h e r e  i s  an i n v e r s e  r e l a t i o n s h i p  be- 
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tween en t rance  p re s su re  and t o t a l  p re s su re  drop. The momentum Equation 
(3.1) earl be  approximately i n t e g r a t e d  t o  g ive  (11, - p. 146): 
sp*= R U G ~ T ~  [ l n P i n  + 2 f  & 1, 
gcPmM Pout D 
where ~ ' r n  = mean bulk  coolant  temperature c 112 (To + T-exit)  , 
I4, = mean coolant  p re s su re  = 1 / 2  (PO + P,-exit) ,  
Pin = coolant  d e n s i t y  a t  channel en t r ance ,  
Pout= coolant  d e n s i t y  a t  channel e x i t ,  
and t he  remaining symbols have been def ined  i n  Equation (3 .4) ,  Sec t ion  
3 , 4 ,  which shows t h a t  a  h ighe r  mean p re s su re  Pm, and thus h ighe r  P O ,  
y i e l d s  a lower 8 P,:. Decreasing t h e  flow r a t e  would a l s o  decrease SP*. 
From Figure 4-11 one can only t e l l  where t h e  w a l l  o r  f u e l  c e n t e r l i n e  
temperature r e s t r i c t i o n s  a r e  n o t  l i m i t i n g  because of t h e  f l a t n e s s  of t h e  
opt.imum power p r o f i l e ,  otherwise one must look a t  t he  d e t a i l e d  tempera- 
t u r e  d i s t r i b u t i o n s  t o  s e e  which r e s t r i c t i o n  l i m i t s  t he  power d e n s i t y  a t  
p s s l t i o n  x. I n  Figure 4-14 one s e e s  t h a t  f o r  7 = 0.6 t h e  w a l l  tempera- 
ture T dominates t h e  e n t i r e  channel length .  Proper w a l l  coa t ing  
materials t o  reduce carbon cor ros ion  by t h e  h o t  hydrogen coolant  would 
be extremely important  f o r  s t eady- s t a t e  opera t ion  of any optimum r e a c t o r  
core wi th  1 ) 0.6. Reactor cores  wi th  the  lower void f r a c t i o n s  ? = 0.4 
and 7 =: 0.5 a r e  more fue l - cen te r l i ne  temperature l i m i t e d  because of t he  
r e l a t i v e l y  t h i c k e r  channel w a l l s ,  and r e a c t o r  cores  wi th  the  lowest  void 
f r a c t i o n s  7 = 0 .1  t o  0.3 and a l s o  the  t h i c k e s t  channel w a l l s  a r e  
alrrlost e n t i r e l y  s t r e s s - l i m i t e d .  
Figure 4-14 shows t h a t  t h e  w a l l  temperature anomaly f i r s t  appears 
f o r  = 0.2 where a  s l i g h t  d i p  i s  d i sce rnab le  a t  x  = 0.3 f e e t .  The anom- 
a l y  temperature depression reaches i t s  maximum f o r  7 = 0.4 where Tw de- 
(a,) *L c 3 m ~ 3 m 3 ~  TTVM
0 
c reases  by 960 R over t h e  same 0 ,6  f t .  i n t e r v a l  f o r  which T i nc reases  
0 
by 114.0 R. The i n c r e a s i n g  magnitude of t h e  w a l l  temperature depres- 
sion i n  going from ?= 0.2 t o q  = 0.4 can be e a s i l y  understood wi th  re- 
fe r ra l  t o  Figure 4-6 where Tw i s  p l o t t e d  versus  T on l i n e s  of cons tan t  
s p e c i f i c  power d e n s i t y .  A t  any f ixed  bulk  coolant  temperature,  T, one 
-- 
sees t h a t  i nc reases  i n  s p e c i f i c  power d e n s i t y  ( o r  bulk  power d e n s i t y  
s i n c e  the re  is t h e  simple r e l a t i o n s h i p  of Equation ( 3.12 ) between 
these  two power d e n s i t i e s  ) p r e d i c t  l a r g e r  T 's ,  The maximum al lowable 
W 
s p e c i f i c  power d e n s i t y  i nc reases  wi th  core  void  f r a c t i o n  ( r e f e r  t o  Table 
3-4 ) s o  t h a t  t he  i n l e t  s e c t i o n  w a l l  temperatures should inc rease  wi th  7, 
as  Figure 4-14 shows, The po in t  of i n f l e c t i o n  f o r  any curve i n  Figure 
4-6, which marks t h e N c r i t i c a l r / b u l k  coolant  o r  w a l l  temperature beyond 
which T, and T inc rease  o r  decrease toge the r  ( a t  cons tan t  power d e n s i t y  ) ,  
also i nc reases  as t h e  s p e c i f i c  power d e n s i t y  i nc reases ,  b u t  more slowly 
than the  "peak i n l e t  T ". Therefore t h e  magnitude of "peak i n l e t "  Tw 
W 
minus ' k r i t i c a l "  T which i s  the  s i z e  of t he  w a l l  anomaly depress ion ,  
w 9  
a l s o  inc reases  wi th  core void f r a c t i o n ,  Figure 4-15 shows t h a t  i t  i s  
the  f u e l - c e n t e r l i n e  temperature l i m i t a t i o n  which r e s t r i c t s  both w a l l  
temperatures and maximum power d e n s i t i e s  a t  t he  i n l e t  s e c t i o n s  f o r  = 
0-4 and 7 = 0.5 and the  curves of F igure  4-6 cannot be so  s t r a i g h t - f o r -  
wardly appl ied  because the  power d e n s i t y  i s  no longer  cons tan t  a long 
t h e  channel.  However, because t h e  i n l e t  T 's can no longer  i n c r e a s e  
W 
due t o  the  f u e l - c e n t e r l i n e  temperature l i m i t a t i o n ,  t he  temperature de- 
press ion  reaches a  maximum a t  r )  = 0.4,  decreases  f o r  = 0 ,5 ,  and then 
vanishes  e n t i r e l y  a t T 2 0 . 6  because t h e  w a l l  temperature l i m i t a t i o n  dom- 
i n a t e s  t he  e n t i r e  channel,  fo rc ing  a l l  Tw = TWMAX, 

When us ing  a chopped-cosine-axial power shape, Cooper ( 6 ) noted 
- 
a wall temperature depress ion  ( pred ic t ed  by use  of t he  modified Reynolds 
nunher ) and suggested t h a t  a t  l e a s t  t h e  s t eady- s t a t e  appearance of t h i s  
anomaly could be made t o  "go away" by pre-heating t h e  en t rance  coolant ,  
a l though he expressed a warning about t he  p o s s i b i l i t i e s  of any i n l e t  
bulk temperature reduct ions  occuring a t  cons tan t  power, F igures  4-6 and 
4-7 show t h a t ,  depending upon the  ope ra t ing  power dens i ty ,  a consider- 
0 
able inc rease  i n  i n l e t  gas temperature above 300 R could be requi red  t o  
p lace  s t eady- s t a t e  ope ra t ion  a t  x = 0 s a f e l y  above t h e  anomaly-producing 
"knee" of t he  constant-power-density curves.  I n  any case ,  p rehea t ing  
the  en t rance  hydrogen whi le  maintaining t h e  same s t eady- s t a t e  a x i a l  power 
p r o f i l e  does not  e l imina te  t h e  anomalous behavior  of t h e  w a l l  tempera- 
ture  if ent rance  bu lk  coolant  temperature i s  reduced t o  a very  low va lue ,  
and pre-heat ing could i n c u r  a weight pena l ty  i f  t h i s  meant t h a t  hydro- 
gen gas  had t o  be introduced i n t o  the  regenerat ively-cooled nozz le  a t  a 
h ighe r  temperature,  By Equation ( 4 , 1  ) a decrease  i n  hydrogen d e n s i t y  
means t h a t  more p rope l l an t  tank mass i s  requi red .  
However, p rehea t ing  t h e  incoming hydrogen gas would be advantageous 
when combined wi th  h e a t - t r a n s f e r  op t imiza t ion  because of t h e  p e c u l i a r  
behavior  of Cor re l a t ion  ( 4 ,3  ) .  Because Tw and T behave i n v e r s e l y  f o r  
bulk temperatures below a " c r i t i c a l "  va lue ,  i nc reas ing  t h e  en t r ance  T 
will p r e d i c t  a l a r g e r  a l lowable maximum power dens i ty  f o r  t h e  same va lue  
of Tw - t h i s  behavior  mani fes t s  i t s e l f  a s  t h e  power dens i ty  anomaly f o r  
those optimum power p r o f i l e s  i n  F igure  4-13. havingr)lO. 4. Beginning t h e  
a x i e l  power d i s t r i b u t i o n  wi th  h ighe r  power d e n s i t i e s  should inc rease  the  
achievable  o u t l e t  temperature and I s p  which would o f f s e t  t h e  disadvan- 
t age  of increased  p rope l l an t  tank mass, remembering t h a t  t y p i c a l l y  one 
second I s p  = 3000 l b s  WIEO ( - 36 ) .  
Figures  4-16 through 4-20 show the  optimum r e a c t o r  channel charac- 
0 
t e r i s t i c s  a s  p red ic t ed  by Cor re l a t ion  ( 4 , 3  ) with  To = 500 R e  Figure 
4-16 a l s o  d i sp l ays  the  power dens i ty  anomaly f o r  7 = 0 - 5  and 7 = 0 . 5 ,  In 
0 
comparison wi th  these  same core  void f r a c t i o n s  a t  To = 300 R ( see Fig- 
u r e  4-11 ) ,  t he  en t rance  and peak optimum power d e n s i t i e s  a r e  roughly 
30 MW / Cu.Ft. h ighe r ,  confirming t h a t  an inc rease  i n  To al lows h i g h e r  
8 
power d e n s i t i e s  a long  t h e  channel,  A t  To = 500 R, q= 0 , 4  has no pow- 
e r  d e n s i t y  anomaly i n  t he  i n l e t  s e c t i o n .  Notice by comparison of Fig- 
u r e  4-16 w i t h  Figure 4-11 t h a t  i f  s t eady- s t a t e  ope ra t ion  were designed 
0 0 
around To = 500 R, a  reduct ion  t o  To = 300 R a t  cons tan t  power would 
cause t h e  i n l e t  s e c t i o n  of T =  0.4 t o  ope ra t e  90 MW 1 Cu, Ft, i n  excess  
( a t  t he  worst  po in t  ) of t he  maximum power dens i ty  determined for To  - 
0 0 
300 R. For 7 = 0 . 1  t o  0 , 3  and T, = 500 R t he  optimum power p r o f i l e s  
0 
a r e  s t i l l  a l l  s t r e s s  - l i m i t e d  and i d e n t i c a l  t o  t he  T, = 300 R 
shapes s o  t h a t  one can d i r e c t l y  compare t h e  coolant ,  w a l l ,  and fuel-center- 
l i n e  temperature d i s t r i b u t i o n s  f o r  t h e  e f f e c t s  of i nc reas ing  T o o  
Figure 4-17 i n  comparison wi th  Figure 4-12 shows the  e f f e c t  of in -  
s 
creased To : 7 = 0.6 has  T-exit = 4 3 8 0 ' ~  a t  x  = 2 .1  f t .  f o r  T o =  500 R 
0 0 
whi le  T-exit = 4360 R a t  x  = 2.3 f t ,  f o r  T0 = 300 R,  T =  0,4  has T - e x i t  
0 0 0 
= 4260 R a t  x  = 2.3 f t ,  f o r  To = 500 R whi le  T-exit = 4240 R a t  x = 2,4 E t ,  
0 
f o r  To = 300 R. Therefore,  i nc reas ing  To has r e s u l t e d  i n  s h o r t e r  chmael  
lengths  and h ighe r  o u t l e t  temperatures  f o r  those core  void f r a c t i o n s  
( T =  0 , 4  t o  T =  0.6 ) which do no t  have s t r e s s - l i m i t a t i o n s ,  
E-P 

T h e r e f o r e ,  i n c r e a s i n g  T h a s  r e s u l t e d  i n  s h o r t e r  channel  l e n g t h s  and 
0 
h i g h e r  o u t l e t  t empera tu res  f o r  t h o s e  c o r e  v o i d  f r a c t i o n s  ( 7;1=0.4 t o  
7 = & ) . 6  ) which do n o t  have s t r e s s - l i m i t a t i o n s  . 
F i g u r e  4-18 e x h i b i t s  t h e  same t r e n d s  as F i g u r e  4-13 and t h e  o n l y  
0 
s i g n i f i c a n t  change is  t h a t  t h e  hydrogen d e n s i t i e s  a r e  lower f o r  To =500 R 
0 
than  f o r  To = 300 R. F i g u r e  4-19 shows t h a t  t h e  w a l l  t empera tu re  anomaly 
is  just d i s c e r n a b l e  f o r T = 0 . 3 ,  whereas a t  t h e  lower  T ( s e e  F i g u r e  4-14 ) 
the w a l l  anomaly i s  j u s t  d i s c e r n a b l e  f o r ? =  0.2.  The magnitude of t h e  
anolnaly t empera tu re  d e p r e s s i o n  a l s o  p a s s e s  through a maximum for r )=0 .4 .  
The w a l l  t empera tu re  l i m i t a t i o n  TWfAX dominatesr)= 0 .6 ,  and F i g u r e  4-20 
a l s o  r e v e a l s 7 ) =  0 .4  and 0 .5  t o  b e  p a r t i a l l y  f u e l - c e n t e r l i n e  l i m i t e d .  
( s e e  F i g u r e  4-15). 
The comple te ly  s t ress -domina ted  v o i d  f r a c t i o n s  T =  0 . 1  t o  0 .3  re- 
veal i n  Table  4-4 t h e  e f f e c t s  o f  i n c r e a s i n g  t h e  i n l e t  gas  t empera tu re  To 
a t  c o n s t a n t  power. 
Tab le  4-4 
Effects of I n c r e a s i n g  To a t  Cons tan t  Power ( St ress -L imi ted  ) 
A l l  comparisons a r e  a t  x  = 0 
0 0 0 
To = 300 R To = 500 R To = 300 R To = 5 0 0 ~ ~  
I Tw(O) I TCL (0)  1 TCL (0)  
For  7 = 0 , 3 ,  F i g u r e s  4-20 and 4-15 a l s o  show t h a t  t h e  f u e l - c e n t e r l i n e  
0 0 
t empera tu re  jumps by 900 R a t  x  = 0 . 1  f t .  as To i s  d e c r e a s e d  by 200 R. 
F u r t h e r  d e c r e a s e s  i n  To would cause  t h e  f u e l - c e n t e r l i n e  t empera tu re  l i m i t  
PRESSURE, P, (PSIA) 


t o  be  exceeded a  s h o r t  d i s t a n c e  from t h e  e n t r a n c e .  S i m i l a r l y ,  t h e  t r o u b l e  
p o s i t i o n  f o r  t h e  w a l l  t empera tu re  i s  a t  x  = 0.05 f t .  where F i g u r e  4-19 
and 4-14 show t h a t  T jumps by 1 2 0 0 ~ ~  f o r  t h e  2 0 0 ' ~  drop i n  To.  
W 
I n  a d d i t i o n  t o  t h e  p a r a m e t r i c  s u r v e y  a t  t h e  h i g h  f low rate, 
w = 1.013 x l o m 2  lbm/s /channe l ,  a  s u r v e y  was under taken  a t  t h e  low f low 
r a t e ,  w = 1 .013  x  lbm/s /channe l .  For t h e  low f low rate one would 
exp'ect  a  much lower p r e s s u r e  drop because  of t h e  G~ dependence i n  t h e  
momentum Equa t ion  ( 3 . 1 . 1  ) ,  The p r e s s u r e  d r o p  f o r  a l l  t h e  c a s e s  a t  
t h i s  low f low r a t e  was 7 p s i a  =8Pik. F i g u r e  4-21 shows t h a t  t h e  power 
d e n s i t y  anomaly predominates  f o r  a1177 excep t  77. 0.1 .  The peak optimum 
power d e n s i t i e s  a r e  c o n s i d e r a b l y  lower  t h a n  t h o s e  of t h e  h i g h  f low r a t e .  
The peak power d e n s i t y  is  180 MW/ Cu. F t .  f o r  7 = 0.6 a t  w = 1.013 x  
Ibm/s/channel  w h i l e  t h e  peak power d e n s i t y  i s  1040 MW/Cu.Ft. f o r  r)= 0.6 
a t  w = 1 , 0 1 3  x l o M 2  lbm/s /channe l .  Th i s  is  a consequence of t h e  woo8 
dependence o f  t h e  maximum w a l l  t empera tu re  - l i m i t e d  and c e n t e r l i n e  - 
l i m i t e d  power d e n s i t i e s .  F igure  4-22 shows t h a t  v e r y  s h o r t  channe l  
l e n g t h s  a r e  a r e s u l t  of t h e  r a p i d  c o o l a n t  h e a t i n g .  The maximum channe l  
l e n g t h  i s  n o t  determined by t h e  a v a i l a b l e  p r e s s u r e  d rop ,  b u t  by t h e  com- 
2 u t a t i o n a l  l i m i t  number (1)  i n  S e c t i o n  3 .7  : whenever t h e  b u l k  c o o l a n t  
temperature is i n  t h e  range T I W  7 T (x) > TmPM - 100 ,  computat ion i s  
t e r m i n a t e d .  Th is  computa t iona l  l i m i t  e l i m i n a t e s  c o n s i d e r a t i o n  o f  v e r y  
l o w  power d e n s i t y  "tails". 
Except f o r  r )  = 0 . 1  t h e s e  low f low r a t e  c a s e s  a r e  e n t i r e l y  w a l l  
t empera tu re  l i m i t e d .  E x i t  t empera tu res  a r e  g r e a t e r  t h a n  t h o s e  of t h e  
high f low r a t e  and t h e  vacuum s p e c i f i c  impulse ,  I s p ,  a t t a i n a b l e  i s  50 
seconds  g r e a t e r  t h a n  t h e  h i g h  f low r a t e  I s p ' s .  U n f o r t u n a t e l y ,  f o r  any 
DISTANCE FROM CORE INLET, X (FT. ) 
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des i r ed  t o t a l  t h r u s t  t h i s  lower flow r a t e  w i l l  have approximately\10 
times the  core r ad ius  of t he  high flow r a t e .  The t o t a l  t h r u s t  P = ("w>lsp 
where <w) = t o t a l  flow r a t e  = number of channels (N) x w .  Because e:he 
optimum power d e n s i t y  is  r a d i a l l y  uniform, each channel has the  same 
I s p  and the  core r ad ius  i s  then ca l cu la t ed  from 
Rc = g J N T  2 E J L L ~ ! ~  2 WISP ( 4-11 ) 
The low flow r a t e  i s  one-tenth the  high flow r a t e  and although the I s p  
i s  50 seconds g r e a t e r  f o r  low w than f o r  high w ,  t h e  core r ad ius  r a t i o  
i s  s t i l l  about 
4.4.3 Major Resul t s  f o r  Parametr ic  Survey Using Equation ( 4 , 3  ) 
The major conclusions of t he  paramet r ic  survey us ing  Cor re l a t ion  
( 4 . 3  ) and high flow r a t e  w = 1.013 x lbrn/s/channel a r e :  
(1 .)  The i n l e t  p re s su re  P o  has  no e f f e c t  upon determining any 
optimum power p r o f i l e  and a f f e c t s  t he  al lowable channel l eng th  by the 
a v a i l a b l b  p re s su re  d r ~ p  l i m i t a t i o n .  For Po = 1200 p s i a ,  t he  computed 
p re s su re  drop S ~ * f o r  a l l  core  void fractions7)_>0.3 i s  roughly 450 p s i a .  
(2 . )  Inc reas ing  the  en t rance  bulk  temperature To from 3 0 0 ' ~  t o  
0 
500 R does no t  e l imina te  t h e  w a l l  temperature anomaly o r  power density 
anomaly f o r  h e a t - t r a n s f e r  op t imiza t ion  wi th  core  void f r a c t i o n s  g r e a t e r  
than 0.3.  Where s t r e s s - l i m i t e d  power d e n s i t i e s  a r e  n o t  c o n t r o l l i n g ,  
i nc reas ing  the  en t rance  To inc reases  performance by al lowing g r e a t e r  power 
d e n s i t i e s  because of t h e  unusual behavior  of Cor re l a t ion  ( 4 .3  ) *  
Larger power d e n s i t i e s  s imultaneously inc rease  t h e  achievable  exit ternpera- 
t u r e  and sho r t en  the  t o t a l  channel length .  
( 3  .) The low core  void fractlonr; 7 = 3.1 and 0.2 a r e  e n t i r e l y  
s t r e s s - l i m i t e d  t o  such low optimum power d e n s i t i e s  t h a t  t h e i r  exit 
temperatures and channel lengths  cannot compete wi th  optimized cores  wi th  
h igher  7 's.  
( 4 . )  The in te rmedia te  core void f r a c t i o n s  T )  = 0.3 t o  0.5 e x h i b i t  
a mixture of a l l  t h r e e  l i m i t a t i o n s .  Void f r a c t i o n T =  0 .3  i s  predomin- 
a n t l y  s t r e s s - l i m i t e d  whi le  77 = 0.4 i s  s t r e s s  and fue l - cen te r l i ne  tempera- 
tu re- l imi ted  andT)=0.5 i s  predominantly f u e l - c e n t e r l i n e  temperature- 
Limited, The void f r a c t i o n  '? = 0.4 has  a s i g n i f i c a n t l y  g r e a t e r  e x i t  
temperature and a s i g n i f i c a n t l y  s h o r t e r  channel l eng th  than ?= 0.3, 
whi le  cores  having void f r a c t i o n s  g r e a t e r  than 0.4  a r e  roughly compar- 
ab l e  i n  both e x i t  gas temperature and channel l eng th .  
(5 ,) A l l  cores  wi th  void f r a c t i o n s  7 2 0.6 a r e  e n t i r e l y  w a l l  
temperature l imi t ed .  
( 6 . )  Only those  optimum cores  having s t r e s s - l i m i t a t i o n s  i n  the  
i n l e t  s e c t i o n  ( 77 0.4 ) can al low any dec reases in  t h e  en t r ance  bulk  
temgerature T, a t  cons tan t  power, b u t  t he  anomalous behavior  of Correl-  
a t i o n  ( 4.3 ) w i l l  p r e d i c t  l a r g e  wa l l  temperatures i nc reases  i n  t he  i n l e t  
s e c t i o n s  f o r  any r e a c t o r  core  channel i f  t h e  bulk  temperature i s  reduced 
t o  very  low va lues .  
( 7  .) For r e a c t o r  cores  wi th  void f r a c t i o n s  7 2 0.5 the  optimum 
power p r o f i l e s  approximately match those power p r o f i l e s  t y p i c a l l y  found 
i n  r e a c t o r  cores  having a uniform loading  of uranium. Therefore,  t h e r e  
i s  an incen t ive  t o  use r e a c t o r  cores  wi th  l a r g e  void f r a c t i o n s  s i n c e  
l i t t l e  uranium r e d i s t r i b u t i o n  would be needed f o r  forming the  des i r ed  
power p r o f i l e .  However, t h e  optimum power p r o f i l e  i n  t h e  i n l e t  f o r  
t hese  h i g h 9  r e a c t o r  co re s  i s  an apparent  anomaly a s soc i a t ed  wi th  
Cor re l a t ion  ( 4.3 ) . 
Using C o r r e l a t i o n  ( 4.3  ) and a  low f low r a t e  w = 1.013 x lom3 
lbm/s /channel :  
(I.) A l l  r e a c t o r  c o r e s  w i t h  ?> 0 . 1  are e n t i r e l y  w a l l  t empera tu res -  
l i m i t e d ,  t h e  power d e n s i t y  anomaly dominates ,  and t h e  peak optimum power 
d e n s i t i e s  are approx imate ly  one- tenth  t h o s e  r e q u i r e d  a t  t h e  high flow 
rate. 
(2 . )  As shown i n  t h e  f o l l o w i n g  Tab le  4-5, t h e  p r e s s u r e  drop i s  
c o n s t a n t  a t  7 p s i a  and a l l  r e a c t o r  c o r e  v o i d s  7 )  0 . 1  have channel  
0 
l e n g t h s  e q u a l  t o  2.2 f e e t  and e x i t  gas  t e m p e r a t u r e s  e q u a l  t o  4900 R, 
( 3 . )  However, f o r  any d e s i r e d  t o t a l  t h r u s t  t h e s e  low f low r a t e  
r e a c t o r  c o r e s  w i l l  have c o r e  r a d i i  r o u g h l y a  t imes  t h e  c o r e  r a d i i  
of t h e  h i g h  f low rate optimum c o r e s  and w i l l  t end  t o  be  "pancakeF' i n  
appearance and t h u s  s u f f e r  a weigh t  p e n a l t y  due t o  i n c r e a s e d  r a d i u s ,  
Tab le  4-5 summarizes t h e  p h y s i c a l  and performance paramete rs  o f  
t h e s e  optimum c o r e s  a s s o c i a t e d  w i t h  C o r r e l a t i o n  ( 4.3 ) . Symbols n o t  
p r e v i o u s l y  d e f i n e d  a r e :  LC = c o r e  l e n g t h ,  P t o t .  = i n t e g r a t e d  t o t a l  
c o r e  power, SF'*= c o r e  p r e s s u r e  d r o p ,  Anoz. = t h r o a t  a r e a  of the  
converging - d i v e r g i n g  n o z z l e  ( d e r i v e d  i n  Appendix C ) ,  and Vc = core 
volume. The "bes t "  c a s e ,  ? =  0.6 ,  i s  s e p a r a t e l y  compared i n  Tab le  4-6, 
Table  4-5 
P a r a m e t r i c  Survey,  Optimized Reac to r  C h a r a c t e r i s t i c s  
Using C o r r e l a t i o n  ( 4.3 ) 
D = 0 - 1  i n . ,  Po = 1200 p s i a ,  w =01.013 x 10-2 lbm/s /channe l ,  
t o w 1  F = 250,000 l b f .  To = 500 R 
LC 
f e e t  
-
4,0  
4.0 
2,9 
2 , 3  
2 ,I. 
2 , 1  
I ~ P  
s e c  
-
5 87 
793 
85 7 
89 0 
898 
902 
Rc f e e t  
-
2.70 
1 . 6 4  
1.29 
1 .10 
0.98 
0.89 
P t o t .  
M$ 
2094 
3483 
3960 
4214 
4279 
4310 
8% 
psia 
225 
517 
470 
449 
441 
45 3 
Anoz. 
f t 2  
0.95 
1 .35 
1.27 
1 .23  
1 .22 
1 .24 
vc  
cu. f t .  
91.7 
34.0 
15.2 
8.7 
6.3 
5.2 
0 
To = 300 R,  o t h e r  pa ramete rs  same as above 
c feet 
4 , O  
4.0 
3 . 1  
2.4 
2 , 3  
2 - 3  
ISP 
s e c  
556 
773 
862 
887 
89 9 
902 
Rc f e e t  
2.77 
1.66 
1 .29  
1.10 
0 .98  
0.89 
P t o t .  
MW 
2209 
3570 
4204 
4391 
44 80 
4507 
SP* Anoz. 
psia f t 2  
v c  
cu.  f t .  
96.8 
34.8 
1 6 . 1  
9 . 1  
6.9 
5 .7  
To = 4 0 0 * ~ ,  w = 1.013 x lom3 lbm/s /channe l ,  a l l  else t h e  same. 
SP* Anoz. 
p s i a  f t 2  
- .  
P t o t .  
m 
4858 
4854 
4854 
4854 
4854 
4854 
v c 
cu.  f t .  
338.7 
155 .3  
103.5 
77.6 
62 .1  
51.8 
Lc 
feet 
-
Table  4-6 
"Best" Case f o r  C o r r e l a t i o n  ( 4 . 3  ) 
Po = 1200 p s i a  
D = 0 . 1  i n c h  
F  = 250,000 l b f  T =  0.6  
w P t o t .  P  I s p  Anoz. 
lbm/s / channe l  N MW 
1 .013  x  10'2 
1 .013 x 
1.013 x 
4.5 P a r a m e t r i c  Survey of Optimum Reac tor  Channel Character is t -  
-
A s s o c i a t e d  w i t h  NERVA - Phoebus Nozzle C o r r e l a t i o n  ( 4 , Q  
4.5 .1  Optimum Reac tor  Channel C h a r a c t e r i s t i c s  as a Func t ion  
o f  Core Void F r a c t i o n .  
The v a l u e s  o f  P o ,  T o ,  w and D as s e l e c t e d  i n  S e c t i o n  4 .4 ,L a r e  
used f o r  t h e  p a r a m e t r i c  s u r v e y  of Equa t ion  ( 4.6 ) i n  t h i s  s e c t i o n  and 
0 
a d d i t i o n a l  r e s u l t s  f o r  Po = 1400 p s i a ,  Po  = 1000 p s i a ,  To = 400 R, and 
D = 0.2  i n .  are t a b u l a t e d .  As F i g u r e  4-10 ( S e c t i o n  4.3 ) i l l u s t r a t e d ,  
t h e  optimum channe l  c h a r a c t e r i s t i c s  u s i n g  C o r r e l a t i o n  ( 4.6 ) e x h i b : ~ t  
none o f  t h e  t empera tu re  o r  power d e n s i t y  anomal ies  c o n s i s t e n t l y  p r e d i c t e d  
by C o r r e l a t i o n s  ( 4.2 ) ,  ( 4.3  ) , a n d  t h i s  i s  t h e  p r i n c i p a l  r eason  f o r  
i s o l a t i n g  t h e  r e s u l t s  o f  t h i s  c o r r e l a t i o n  from t h e  r e s u l t s  i l l u s t r a t e d  En 
S e c t i o n  4.4. 
F i g u r e  4-23 shows t h e  optimum a x i a l  power p r o f i l e s  a s  a f u n c t i o n  
o f  c o r e  v o i d  f r a c t i o n , q .  Comparing t h e s e  power p r o f i l e s  w i t h  those 
i n  F i g u r e s  4-11 and 4-16 t h e r e  are s e v e r a l  immediate d i f f e r e n c e s :  (1,) 
No power d e n s i t y  anomal ies ;  ( 2 . )  A l l  power p r o f i l e s  i n  t h e  range of 
examined have a  "topped" o r  f l a t t e n e d  appearance i n  t h e  i n l e t  r e g i o n s  
of t h e  r e a c t o r  c o r e ,  meaning t h a t  t h e  stress l i m i t a t i o n  dominates ;  and 

( 3.)  f o r  7 ) 0.4 an inc rease  i n  To from 3 0 0 ' ~  t o  5 0 0 ' ~  always r e s u l t s  
i n  a decrease  i n  t h e  al lowable optimum power d e n s i t y  i n  t h e  r e a c t o r  
channel s e c t i o n s  n o t  dominated by t h e  s t r e s s  l i m i t a t i o n .  Notice t h a t  
t h i s  is  d i r e c t l y  oppos i te  t o  t he  r e s u l t s  u s ing  Cor re l a t ion  ( 4.3 ) where 
t h e  anomalous behavior  allowed h ighe r  power d e n s i t i e s  f o r  lower Togs. 
Figure 4-24 shows t h e  s i g n i f i c a n t  advantage of going t o  r e a c t o r  
cores  having 7 )  2 0.4. For example 7 = 0.6  has  LC = 1.9 f t . and T - e x i t =  
4 4 4 0 ' ~  whi le  7 = 0.3 has  L = 3 .1  f t .  and T - e x i t  on ly  = 4 0 0 0 ~ ~ .  
C 
A t  about 7 = 0.3 the  allowed power d e n s i t i e s  can begin t o  achieve vacuum 
I s p ' s  of over 850 seconds wi th  i n t e r e s t i n g l y  s h o r t  channel lengths  - 
i n t e r e s t i n g  because f o r  t he  t o t a l  t h r u s t  l e v e l  of F = 250,000 l b f  and 
t h e  t h r u s t  per  channel a t  t h e  nominal h igh  flow r a t e  w = 1.013 x 
lbm/s/channel,  t he se  r e a c t o r  cores  have an L /2Rc c l o s e  t o  u n i t y  which 
C 
impl ies  a reasonable neu t ron ic  "compactness" t o  be kept  i n  mind, The 
c r i t i c a l  mass c a l c u l a t i o n s  repor ted  i n  Chapter 5 demonstrate the  large 
i nc rease  i n  uranium needed t o  compensate f o r  a low Lc/2Rc r a t i o .  For 
t h e  end-ref lec ted  nuc lea r  r e a c t o r  model i n  t h i s  t h e s i s ,  f l a t t e n i n g  c r  
I 1  pancaking" t h e  r e a c t o r  g r e a t l y  i nc reases  the  un re f l ec t ed  f a s t  neutron 
leakage from the  r e a c t o r  bottom. 
Figure 4-25 shows the  completely anomaly-free w a l l  temperature 
behavior  of t h i s  c o r r e l a t i o n  and demonstates t h a t  an inc rease  i n  To t o  
0 
500 R causes t he  channel w a l l  temperatures t o  reach TWMAX a t  s h o r t e r  
0 
channel p o s i t i o n s  than found f o r  To = 300 R. A comparison of Figures  
4-23 and 4-25 e a s i l y  shows the  dominant region f o r  each of t h e  thermal 
l i m i t a t i o n s  used i n  t h i s  t h e s i s .  The r e a c t o r  core  having = 0 , 6  i s  
i l l u s t r a t e d  a s  an example: (a)  Figure 4-23 shows by the  power f l a t n e s s  
w
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o r  l e v e l  c h a r a c t e r i s t i c  t h a t  t h e  maximum stress l i m i t ,  S,  dominates  up 
to :s = 0 . 4  f t . ;  (b)  F i g u r e  4-25 shows t h a t  T W X  dominates  from x = 0.8  f t .  
t o  t h e  channel  e x i t ;  ( c )  t h e r e f o r e ,  TFMAX must dominate i n  t h e  r e g i o n  
x = 0 . 4  f t .  t o  x  = 0 .8  f t .  For g r a p h i c a l  c l a r i t y ,  t h e  w a l l  t empera tu re  
d i s t r i b u t i o n  f o r  = 0 .5  was n o t  p l o t t e d  i n  F i g u r e  4-25, b u t  a comparison 
of the f i g u r e s  f o r  ? ( 0.4  shows t h a t  r e a c t o r  c o r e s  h a v i n g  2 0.4 
o p e r a t e  a t  s t e a d y - s t a t e  under  a l l  t h r e e  the rmal  l i m i t a t i o n s .  I n  con- 
trast t o  t h e  r e a c t o r  c o r e  channe l  c h a r a c t e r i s t i c s  p r e d i c t e d  by 
C o r r e l a t i o n  ( 4.3  ) , C o r r e l a t i o n  ( 4.6 ) p r e d i c t s  t h i s  o r d e r l y  
s u c c e s s i o n  o f  r e g i o n s  of dominance a l o n g  t h e  channe l  l e n g t h :  s t r e s s )  
f u e l  e e n t e r l i n e  t empera tu re )  w a l l  t empera tu re .  I n  o t h e r  words ,  s t a r t -  
i n g  from t h e  c o r e  e n t r a n c e  t h e  S l i m i t  w i l l  always p recede  i n  channe l  
pos i t . ion  t h e  TFMAX l i m i t  which w i l l  always p recede  t h e  TWMAX l i m i t .  
For  a given q n o t  a l l  of t h e  the rmal  l i m i t a t i o n s  need b e  present :  a s  shown 
f o r  7 5 0.3.  Based upon t h e s e  f a c t s ,  t h e  computer c a l c u l a t i o n s  des- 
c r i b e d  i n  Chapter  3 ,  MAXPOW, could  have been s i m p l i f i e d  i n  t h a t  a l l  
t h r e e  maximum power d e n s i t i e s  f o r  a  g iven x  need n o t  be  s i m u l t a n e o u s l y  
compared, 
F i g u r e  4-26 demons t ra tes  a  r a d i c a l  change i n  optimum power p r o f i l e s  
f o r  t h e  "low f low r a t e "  w = 1.013 x lbm/s /channe l .  I n  marked 
c o n t r a s t  t o  C o r r e l a t i o n  ( 4.3  ) 's power d e n s i t y  d i s t r i b u t i o n s  i n  
F igure  4-21, t h e  power d e n s i t y  anomaly i s  n o n - e x i s t a n t  and s t r e s s - l i m i t e d  
f l a t t e n i n g  always appears  because  o f  t h e  more e f f i c i e n t  t r a n s f e r  o f  
h e a t  t o  t h e  c o o l a n t  as p r e d i c t e d  by Equa t ion  ( 4.6 ) ;  i . e . , f o r  a g iven  
power d e n s i t y  and b u l k  c o o l a n t  T, Equa t ion  ( 4.3 ) p r e d i c t s  a  much 
h i g h e r  Tw t h a n  Equa t ion  ( 4.6 ) and t h e r e f o r e ,  optimum power d e n s i t i e s  
FIGURE 4-26 OPTIMUM POWER PROFILES AS PREDICTED BY 
CORRELATION (4.6) AS A FUNCTION OF , LOW FLOW FLATE 
as soc ia t ed  wi th  Equation ( 4.3 ) a r e  w a l l  and c e n t e r l i n e  temperature- 
cons t ra ined  i n  reg ions  where those  power p r o f i l e s  a s soc i a t ed  wi th  
Equation ( 4.6 ) a r e  s t r e s s  - cons t ra ined .  The low flow r a t e  peak 
power dens i ty  f o r  Equation ( 4.6 ) f o r  e a c h 7  i s  equal  t o  t h e  peak 
power d e n s i t i e s  a t  t h e  h igh  flow r a t e  because t h e  s t r e s s  l i m i t  i s  
e s s e n t i a l l y  independent of flow r a t e  per  channel.  Although the  allow- 
able maximum power dens i ty  us ing  Cor re l a t ion  ( 4.6 ) i s  g r e a t e r  than 
t h a t  allowed by Cor re l a t ion  ( 4.3 ) ,  t h e r e  i s  no n o t i c e a b l e  performance 
d i f f e r e n c e  a s  evidenced by o u t l e t  temperature o r  channel l eng th  because 
i t  i s  the  i n t e g r a t e d  power t h a t  p r imar i ly  determines t h e  performance 
c h a r a c t e r i s t i c s .  With T )  = 0.6,  f o r  example, c o r r e l a t i o n  ( 4.3 ) al lows 
a peak power d e n s i t y  of 3 180 W/cu .  f t .  whi le  Cor re l a t ion  ( 4.6 ) 
allows 2 1750 Mw/cu. f t .  The low flow r a t e  causes t he  bulk  temperature 
t o  quickly i n c r e a s e  along the  channel and approximately a t  X W O  f o r  
Equation ( 4.6 ) and x z 0 . 4  f t .  f o r  Equation ( 4.3 ) t he  TFMAX and 
T l i m i t a t i o n s  f o r c e  a  " t a i l - o f f "  i n  t h e  optimum power dens i ty .  
Thus, t he  power d i s t r i b u t i o n  which begins a t  1750 Mw/cu. f t .  t a i l s - o f f  
more r a p i d l y  than t h e  d i s t r i b u t i o n  which peaks a t  180 Mw/cu. f t .  f u r t h e r  
i n t o  t he  channel,  wi th  t he  r e s u l t  t h a t  when the  computational l i m i t a -  
t i o n  number (l.), Sect ion  3.7 : TWMAX ) T (x) ) TIDfAX - 100, i s  
reached the  i n t e g r a t e d  power i s  i d e n t i c a l  f o r  both c o r r e l a t i o n s  and the  
engine performance c h a r a c t e r i s t i c s  a r e  i d e n t i c a l .  
0 0 
These computations f o r  PO = 1200 p s i a ,  To = 300 R, T o  = 500 R ,  high 
and Low flow r a t e s  a r e  given i n  Table 4-7. I n  a d d i t i o n ,  c a l c u l a t i o n s  
0 
with P, = 1000 p s i a ,  Po = 1400 p s i a ,  TO = 400 R ,  and D = 0.2 inch a r e  
t abu la t ed  ,, 
Table  4-7 
Optimum Reac tor  Channel C h a r a c t e r i s t i c s  Using C o r r e l a t i o n  ( 4-6 ) 
w = 1.013 x l ow2  lbm/s /channe l ,  D = 0 . 1  i n . ,  PO = 1200 p s i a  
To = 500°R 
LC I s p  T f e e t  Sec.  
- --
Rc 
f e e t  
2.70 
1 .64  
1 .29  
1 .10 
0 .98 
0.89 
P t o t  
?M 
-- 
2094 
3483 
3960 
4203 
4302 
4329 
SP* 
p s i a  
225 
517 
470 
447 
447 
434 
w=1.013~19-2 lbm/s /channe l ,  D=O .1 i n ,  Po=1200 p s i a ,  To=3000R 
LC I s p  
f e e t  Sec.  
-- 
Rc (w> 
f e e t  lbm/s 
--
P t o t  
MW 
2209 
35 70 
4202 
4403 
4513 
4547 
w = 1 . 0 1 3 ~ 1 0 ' ~  lbm/s /channe l ,  D=0,1 i n . ,  Po=1400 p s i a ,  To=400aR 
LC I s p  Rc (w> 
f e e t  Sec.  f e e t  lbrn/s N 
w = 1 . 0 1 3 ~ 1 0 - ~  lbm/s /channe l ,  D=0.1 i n . ,  Po=lOOO p s i a ,  To=4008R 
LC I s p  
f e e t  Sec.  
Rc 
f e e t  
-
2.74 
1 . 7 3  
1 .37 
1 .15  
1.02 
0.92 
(w> P t o t  S P *  
lbm/s N Mid 
- 
psia 
Anoz v c  
f t 2  f t 3  
- -
w = 1 . 0 1 3 ~ 1 0 - ~  lbrn/s /channel ,  D=0.1 i n . ,  P0=1200 p s i a ,  T 0 = 4 0 0 ' ~  
LC I s p  Rc (w> P t o t  SP* *no. v c  
77 f e e t  Sec.  f e e t  lbm/s 
-- --- -
N w 
- psia f t 2  ft3 
LC I s p  Rc (w> P t o t  
'9 f e e t  Sec.  f e e t  l b m l s  
---- - -
N Mw 
- 
&P* Anoz Vc 
p s i a  f t 2  ft3 
- -
4.5.2 Major Resul t s  f o r  Parametr ic  Survey Using Equation ( 4 . 6 )  
While Table 4-7 r e p o r t s  t he  t o t a l  r e s u l t s  of  t h e  paramet r ic  survey 
us ing  Equation (4 .6) ,  i t  i s  obvious t h a t  a l l  cases  achieve t h e i r  maxi- 
mum s p e c i f i c  impulse a t  7 = 0.6 and t h e r e f o r e  t hese  "best" cases  a r e  
s e p a r a t e l y  t abu la t ed  i n  Table 4-8, where t h e  cases  a r e  organized 
according t o  t he  achievable  I s p .  Table 4-8 i l l u s t r a t e s  t h e  many srade- 
o f f s  poss ib l e  i n  o rde r  t o  achieve a maximum I s p  f o r  t h e  most compact 
and l e a s t  weight nuc lea r  engine.  Since no s h i e l d i n g  o r  ex tens ive  
weight c a l c u l a t i o n s  were c a r r i e d  out  i n  t h i s  t h e s i s ,  only these  
t e n t a t i v e  observa t ions  can be  made: 
(1) The h i g h e s t  I s p  has  t he  lowest (w) and t h e  l a r g e s t  Re,  
Because of t h e  l a r g e  weight pena l ty  of i nc reas ing  the  end-shield 
r a d i u s ,  t h i s  advantage i n  I s p  i s  p a r t i a l l y  o f f s e t .  Using t h e  mission 
weight s e n s i t i v i t y  va lues  c i t e d  i n  Sec t ion  2.3, where 1 l b .  engine 
weight = 16 l b s  WIEO (Weight - - I n  - Ear th  - Orbi t )  and 1 s e c  I s p  = 3000 Ibs 
WIEO (x), then a one second I s p  advantage could be n u l l i f i e d  r e l a t i v e  
t o  t he  e n t i r e  mission system weight i f  t he  nuc lea r  engine weight i nc reases  
a s  a r e s u l t  of t he  one-second I s p  inc rease  by 187.5 l b s .  Because the 
s h i e l d  weight i s  t h e  major nuc lea r  engine weight component, a c a r e f u l l y  
eva lua t ion  of t h e  mission s h i e l d i n g  requirements i s  needed f o r  t h i s  
low flow r a t e .  
( 2 )  I nc reas ing  Po t o  1400 p s i a  r e l a t i v e  t o  t h e  Po = 1200 p s i a  
nominal p re s su re  i nc reases  t h e  I s p  from 910 seconds t o  939 seconds 
whi le  LC inc reases  from 1.9 f t .  t o  2.8 f t .  (2nd and 4 th  rows i n  Table 
4-8). I n  o t h e r  words, t h e  inc rease  i n  PO al lows a longer  channel 
length t o  be optimized be fo re  t h e  a v a i l a b l e  p re s su re  drop l i m i t a t i o n  
ternriiaates computation, The b P o  = + 2 0 0 p s i a r e s u l t s i n  A I S P =  
4-29 seconds, A LC = '0.9 f t . ,  d(h) = +165 p s i a ,  APto t  = 
I-25h Mw, and A R ~  = -0.02 f t .  
( 3 )  Inc reas ing  t h e  channel diameter D t o  0.2 inches(3rd  row 
of Table 4-8) r e s u l t s  i n  an optimum core  which i s  much l a r g e r  than  
would r e s u l t  wi th  D = 0 . 1  inches ,  a l l  o t h e r  parameters cons tan t  
(2nd row), The r e a c t o r  core  r ad ius  s c a l e s  i n  d i r e c t  p ropor t ion  t o  t he  
ratio of  channel d iameters .  
( 4 )  Va r i a t ion  of To (rows 4 ,  5 and 6 ) ,  a l l  o t h e r  parameters 
constant ,  dloes no t  s i g n i f i c a n t l y  change t h e  performance c h a r a c t e r i s t i c s  
of these optimum nuc lea r  rocke t  r e a c t o r  cores .  
( 5 )  Reduction of Po by 200 p s i a  below t h e  nominal P0=1200 p s i a  
(last row to be  compared wi th  t h e  4 th  row) w i l l  r e s u l t  i n  a "pancake" 
celnfigurati~on wi th  Lc/2Rc 5 0.6 and a reduct ion  i n  I s p  t o  843 
secontds, The lower Po s imultaneously r e s t r i c t s  t h e  channel l eng th  t h a t  
mag "be op t in i zed  be fo re  t h e  a v a i l a b l e  p re s su re  drop l i m i t a t i o n  te rmina tes  
computation and r e s t r i c t s  t h e  achievable e x i t  temperature.  A lower T- 
ex i t  means a low t h r u s t  pe r  channel,  more channels than must be requi red  
t o  prcduce t h e  250,000 l b f  t h r u s t ,  and hence a "pancake" r e s u l t  because 
the  r e a c t o r  core r ad ius  s c a l e s  a s  R rv N ,  where N=tota l  number of 
C J- 
p a r a l l e l  channels .  
Table 4-8 
" ~ e s  tl' Case f o r  Cor re l a t ion  (4.6) 
W 
lbm/s / D Po 
Channel Inch P s i a  
--
P t o t  
N MW 
- - 
sp* 
P s i a  
-
6. 
633. 
24. 
468. 
460. 
434. 
2  83 
I s p  Ansz 
Sec f t 2  
-- 
4.6 Heat-Transfer Optimum Nuclear Rocket Reactor Core C h a r a c t e r i s t i c s  
- 
A comparison of Tables 4-5 through 4-8 demonstrates t h a t  while  
Cor re l a t ions  (4.3) and (4.6) have been shown t o  p r e d i c t  subs t a n t i a l l y  
d i f f e r e n t  optimum r e a c t o r  core  power d i s t r i b u t i o n s  under i d e n t i c a l  core 
s i t u a t i o n s ,  t h e  o v e r a l l  r e a c t o r  core  dimensions and t h e  mission capability 
i n  terms of I s p  a r e  p r imar i ly  determined by t h e  phys i ca l  parameters v, D, 
and F and the  s i z e  and I s p  a r e  i n s e n s i t i v e  t o  e i t h e r  t h e  p a r t i c u l a r  
t u r b u l e n t  hydrogen h e a t  t r a n s f e r  c o r r e l a t i o n  used o r  t h e  e n t r a n t  channel 
hydrogen condi t ions  (with t h e  except ion of P o t s  gross  i n f luence  upon 
al lowable channel l e n g t h ) .  Therefore,  Chapter 4  provides a  r e a l - i s r i c  
e s t ima te  of mission c a p a b i l i t y  - I s p  - and a r e a l i s t i c  r e a c t o r  core 
s i z e  a s  a  model f o r  i n v e s t i g a t i n g  the  r e a c t i v i t y  c h a r a c t e r i s t i c s  of such 
h e a t - t r a n s f e r  optimum r e a c t o r s .  However, t he  s u i t a b i l i t y  of t he  b e s t  
axial power d i s t r i b u t i o n s  f o r  non s t eady- s t a t e  opera t ion  i s  unreso lvable  
strictly from h e a t  t r a n s f e r  cons ide ra t ions  because of t h e  temperature 
a~~ornal.y,, I f  t h e  anomaly r e a l l y  e x i s t s ,  then t h e  r e a c t o r  system cannot 
be  designed f o r  s t eady  s t a t e  ope ra t ion  a t  100% f u l l  power. The proper  
non-uniform uranium d i s t r i b u t i o n  i s  a l s o  dependent upon an accu ra t e  
prediction of t h e  des i r ed  power d i s t r i b u t i o n .  The optimum power p r o f i l e s  
~ a l c u l ~ a t e d  in t h i s  t h e s i s  a r e  s i g n i f i c a n t l y  d i f f e r e n t  from those  previous ly  
repor ted  and any ca l cu la t ed  non-uniform uranium d i s t r i b u t i o n s  t o  
match the power p r o f i l e s  i n  Sec t ions  4.4 8nd 4.5 would probably d i f f e r  
s i g n i f i c a n t l y  from t h a t  prev ious ly  repor ted  a l s o .  However no c a l c u l a t i o n s  
were performed i n  t h i s  t h e s i s  t o  accu ra t e ly  match s p e c i f i c  uranium 
dis t r i ; ; . t l t ions  t o  des i r ed  power p r o f i l e s  under t h e  assumption t h a t  such 
compact cores  w i l l  b e  f a s t ,  d ~ m i n a t e d  by neutron leakagk, and t h e r e f o r e  
the hydrogen r e a c t i v i t y  worthg, both uniform and non-uliiform, should 
be  l a r g e l y  determined by phys i ca l  core s i z e  and average uranium con- 
c e n t r a t i o n  r a t h e r  than l o c a l  d e t a i l s  of non-uniform uranium concent ra t ions .  
The r e s u l t s  of t h i s  h e a t  t r a n s f e r  a n a l y s i s  may be somewhat de- 
pendent upon the  thermal c o n s t r a i n t s  used, although t h e  b a s i c  d i s -  
crepancy beeween the  "anomalous" and "nonanomalous" c o r r e l a t i o n s  w i l l  
s t i l l  p e r s i s t  f o r  d i f f e r e n t  S ,  TFMAX, TWMAX. A s e n s i t i v i t y  a n a l y s i s  
using Cor re l a t ion  (4.6) and 9 = 0.3 - 0.6 i s  repor ted  i n  Appendix F. 
I n  t e r n s  of I s p ,  an improvement i n  TWMAX is  most i n f l u e n t i a l .  In- 
by 100' R i nc reases  I s p  by 7 seconds i n  t he  q= 0.6,  
"bes tB' case s tud ied .  
5. React ivf  t y  and Neutron Physics  Cha rac t e r i s  t i c s  of H e a t - T r a n s f r  
- 
Optimum Nuclear Rocket Reactors .  
5 .1  The Nuclear Reactor  Model 
The comparison of t u rbu len t  hydrogen h e a t  t r a n s f e r  c o r r e l a t i o n s  
i n  Chapter 4 has  demonstrated t h a t  t h e  phys i ca l  dimensions of  t h e  o p t i r n ~ ~ m  
nuc lea r  r e a c t o r  core  a r e  determined p r i n c i p a l l y  by t h e  core  parameters 7 
and D and t h e  rocket  system parameters  w and F. The dimensions of t h e s e  
compact r e a c t o r  cores  f o r  t h e  nominal 250,000 l b f  t h r u s t  ( 12,13,114 ) are 
on t h e  o r d e r  of  a few f e e t  and as shown i n  t h i s  chaptkr ,  they  have fast neutron 
s p e c t r a .  This agrees  wi th  t h e  f ind ings  o f  Cooper ( - 7 ) who has shorn chat 
tungs ten  and carb ide  r e a c t o r  cores  of  comparable dimensions, when no hydro- 
gen is  p r e s e n t ,  have f a s t  s p e c t r a  and t h a t  i t  is j u s t i f i a b l e  t o  assume that the 
r e a c t o r  core  is e f f e c t i v e l y  homogeneous because t h e  void  spaces and f u e l  chiznnel 
th icknesses  a r e  much smaller than  t h e  neut ron  mean f r e e  pa th .  Therefore,  un- 
i f o r d y - l o a d e d  uranium-235 r e a c t o r  co re s  a r e  used i n  t h i s  t h e s i s  to  determine 
c r i t i c a l i t y  and hydrogen r e a c t i v i t y  worths on t h e  assumption t h a t  the  value 
o f  any hydrogen r e a c t i v i t y  caPcnlated would n o t  b e  g r e a t l y  changed by the 
a c t u a l  non-uniform uranium df s t r i b a t i o n  t h a t  would b e  r equ i r ed  t o  match the  
des i r ed  power p r o f i l e  f o r  each optimized case.  This assumption was tesiled f o r  
one r e l a t i v e l y  non-uniform uranium d i s t r i b u t i o n  and good agreement for ~che 
hydrogen r e a c t i v i t y  w a s  ob ta ined ,  a s  r epo r t ed  i n  Sec t ion  5.4. 
For t h e  numerical c a l c u l a t i o n s  us ing  t h e  two-dfmensional d i f  lEusion theory 
computer code, EXTERMINATOR - 2 ( - 38 ) , t h e  n u c l e a r  r e a c t o r  i s  assumed t o  be  
homogeneous by reg ions  - uranium and carbon uniformly d i s t r i b u t e d  i n  the reac- 
t o r  co re ,  bery l l ium and hydrogen uniformly d i s t r i b u t e d  i n  t h e  r e f l e c t o r  - ex- 
cept  f o r  t h e  s t eady  s t a t e ,  non-uniform hydrogen d i s t r i b u t i o n  i n  t h e  reactor 
core, Reactor core  dimensions and hydrogen d i s t r i b u t i o n s  a s s o c i  a t e d  w i  t h  
Correlation ( 4.6 ) a r e  used because of t h e  wide experimental  range covered 
by t h i s  c o r r e l a t i o n .  The ex i s t ence  of  t h e  anomalous temperature behavior  
as d i s e r ~ s s e d  i n  Chapter 4 might a c t u a l l y  b e  p re sen t  and t h e  hydrogen d is -  
t r i b u t i o n s  a s soc i a t ed  wi th  Cor re l a t ions  ( 4.3 ) and ( 4.5 ) could a s  e a s i l y  
have been used. The r e a c t o r  core  is  d iv ided  i n t o  many a x i a l  ( x ) reg ions  
and the  non-uniform co re  hydrogen dens i ty  d i s t r i b u t i o n  ac ros s  each reg ion  is 
averaged a s  shown i n  F igure  5-1 f o r  t h e  case  A (def ined  i n  t h e  fol lowing t a b l e s ) .  
The hydrogen concent ra t ion  is  taken t o  be r a d i a l l y  uniform f o r  each a x i a l  
region,  The region hydrogen d e n s i t y  ,;',is found from t h e  average bulk  den- 
sity, g, by Equation ( 5.1) : 
where 7 = co re  void  f r a c t i o n ,  
w 
p = average b u l k  coolant  dens i ty  atoms ~ f c m 3  of  hydrogen flow volum 
- 
; hydrogen r e  dens i ty  [.torn ~ / c m ~  of e n t i r e  reg ion  volu  
Table 5-1 l i s t s  the  c h a r a c t e r i s t i c s  of  t h e  r e a c t o r  cases  i n v e s t i g a t e d  i n  t h i s  
chapter and Table 5-2 l is ts  t h e m  as soc ia t ed  non-uniform co re  hydrogen den- 
sity d i s t r i b u t i o n s  a s  used i n  t h e  computer code. Cases A, B ,  C ,  D form a sequence 
o f  descending core  void f r a c t i o n  ( o r  i nc reas ing  r e a c t o r  volume ) and have 
i d e n t i c a l  P, = 1200 p s i a ,  T, = 300 R, w = 1.013 x lo-' lbm/s/channel ,  and 
D = 0,1 inch ,  Case E is  i d e n t i c a l  t o  Case A except t h a t  T = 5 0 0 ' ~  and t h i s  
changes the c a l c u l a t e d  core  dimensions s l i g h t l y  wh i l e  case  F is  a "pancake" 
r e a c t o r  conf igura t ion  t h a t  r e s u l t s  from t h e  "low" f low rate. The h igh  flow r a t e  
r e a c t o r  cores  are emphasized because t h e i r  ach ievable  I s p ' s  a r e  r e l a t i v e l y  
high while  the ca l cu la t ed  core  r a d i u s  y i e l d s  an ~ c / 2 R c  n e a r  u n i t y ;  i . e . ,  
'%square" cy l inde r s .  Although optimum nuc lea r  rocke t  r e a c t o r  cores  have t h e i r  
DISTANCE FROM CORE INLET, X (FT, ) 
FIGURE 5-1 AVERAGE HYDROGEN REGIONS 
I N  THE NUCLEAR ROCKET REACTOR CORE: 
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Reactor  Core Regfon Hydrogen D i s t r i b u t i o n s  
[H] = Concentration of  hydrogen atoms, 
XQ = Distance from co re  i n l e t ,  s tart  of  core  hydrogen reg ion  
X1 = Distance from core  i n l e t  a t  end of  core  hydrogen reg ion  
Case A 
Case B 
Case C 
Case D 
-- 
Case E 
Case F 
-- 
"best" cases  f o r  77 = 0.6 ,  such s m a l l  co re s  wi th  h igh  leakage r e q u i r e  a very 
h igh  uranium loading  t o  maintain c r i t i c a l i t y .  The sequence of cases  A-D i s  
s e l e c t e d  t o  demonstrate the, t rade-off  i n  I s p  and r e l a t i v e l y  low t o t a l  hydro- 
gen r e a c t i v i t y  worths a t  h igh  3, f o r  lower I s p ,  increased  hydrogen r e a c t i v i t y  
worths and increased  core  volume, bu t  lower c r i t i c a l  masses a t  low ? . Also 
t h e  A-D sequence very  e f f e c t i v e l y  demonstrates s e v e r a l  important  ities 
i n  r e l a t i v e  hydrogen r e a c t i v i t y  worth wi th  r e spec t  t o  t h e  r e a c t o r  core  s i z e  
which should b e  very important  t o  know i f  a f u r t h e r  d e t a i l e d  opt im.izat ian of 
a complete nuc lea r  rocke t  engine i s  t o  be  performed. Cases A, E ,  and F are 
"best " cases  having h igh  I s p  a t  q =  0.6. A s  demonstrated i n  Chapter 4 , the 
v a r i a t i o n  i n  Tb had a very  smal l  e f f e c t  upon t h e  ca l cu la t ed  optimum reac.tor 
core  dimensions, b u t  case  E has  a mean temperature,  Tm, s u b s t a n t i a l l y  different 
from t h e  Tm of  t h e  A-D sequence s o  case  E is used t o  show t h e  e f f e c t  t h a t  a 
decrease  i n  r e f l e c t o r  hydrogen dens i ty  has  upon t h e  c a l c u l a t e d  uranium c r i t r c a l  mass, 
Case P is  e x p l i c i t l y  s e l e c t e d  t o  demonstrate t h e  changes i n  r e a c t i v i t y  characterrstics 
due t o  "paneakeness". The en t r ance  p r e s s u r e ,  Po , and temperature,  Te , for case F 
a r e  n o t  c o n s i s t e n t  wi th  those  f o r  A-E i n  o r d e r  t h a t  a reasonable  channel length 
f o r  t h i s  "pancake" con£ i g u r a t i o n  be  used. 
F igure  2-1 shows t h a t  t h e  p re sen t  NERVA concept has  a l l  o f  t h e  hydrogen 
pass ing  thpough t h e  regenerat ively-cooled rocket  nozz le  and bery l l ium r e f l e c k o r  
be fo re  e n t e r i n g  t h e  r e a c t o r  core.  Figure 5-2 i s  t h e  s i m p l i f i e d  concept used for 
t h e  EXTERMINATOR computations. This  model i s asymmetri c a l l y  r e f l e c t e d ,  radially and 
a t  t h e  core  en t r ance  end, by a bery l l ium r e f l e c t o r  uniformly 6 inches & 15,25 cm ) 
t h i c k .  This  bery l l ium th i ckness  is  r epor t ed  t o  b e  optimum f o r  min~imum reacror core  
weight pe r  u n i t  flow a r e a  ( - 33 ) . 
H, FLOW PATH 
b 
REFLECTOR 
FIGURE 5-2 M J C L M R  ROCKET REACTOR MODEL 
The hydrogen temperature a t  t h e  r e a c t o r  core  en t r ance ,  T, , w i l l  depend upon 
both  t h e  i n i t i a l  hydrogen temperature e n t e r i n g  t h e  regenerat ively-cooled rocket  
nozz le  and upon t h e  f r a c t i o n  of co re  thermal  power t h a t  i s  gained by the coolant  
i n  flowing through t h e  nozz le  and r e l e c t o r  coolan t  passages.  In this thesis a 
mean temperature i s  ass igned  t o  t h e  hydrogen i n  t h e  r e f l e c t o r ,  a s s m i n g  that hydrogen 
e n t e r s  t h e  nozz le  coolant  c i r c u i t  a t  40 R: 
As  expla ined  i n  Sec t ion  4.1,  t h i s  impl ies  t h a t  a l l  o f  t h e s e  r e a c t o r  ca ses ,  with one 
except ion a s  expla ined  below, have no r e l a t i v e  disadvantage i n  hydrogen pro- 
p e l l a n t  tank m a s s .  Equation ( 4 .1  ) :  
C s t  Mp 
Mt = ~ ~ 2 1 3  
shows t h a t  t he  mass o f  t h e  p r o p e l l a n t  tankage,  M t ,  i s  i n v e r s e l y  r e l a t e d  t o  the 
rocke t  nozz le  i n l e t  hydrogen d e n s i t y ,  pp. Consequently, an i n l e t  temperature 
0 g r e a t e r  than 40 R ( c r i t i c a l  temperature f o r  hydrogen; p = 4 lbm/cu . f t ,  ) 
P 
i n c u r s  a weight pena l ty  due t o  increased  p r o p e l l a n t  tankage. For eases A 
through F, t h e  f r a c t i o n  o f  t h e  r e a c t o r  core  power t h a t  t h e  r e f l e c t o r  and rocket  
nozz le  must acqu i r e  i n  o r d e r  t h a t  t h e  40 OR coolan t  be hea ted  t o  the core 
en t rance  temperature,  To , is  presented  i n  Table 5-3. 
F rac t ion  of Core E w e r  Absorbed 
by t h e  Ref l ec to r  - Nozzle Coolant C i r c u i t  
Case 
A 
B 
C 
D 
E 
F 
P t o t .  
454 7 
4513 
4403 
4203 
4329 
4 716 
ep (w) A T  
P t o t .  
I 
(w) = Tota l  flow r a t e ,  l lbmlsed  
P t o t .  = Tota l  core  power [WJ 
- 
= 0 . 3 5 3 ~ 1 0 ~  watt-sec (from Equation ( 3.5 ) 
lbm- R 
= Frac t ion  of core  power absorbed i n  t h e  r e f l ec to r - rocke t  nozzle .  
W i t h  the except ion of  Case E, a l l  cases  have roughly t h e  same requirement ,  
so  t h a t  t he  requi red  core-power f r a c t i o n  f o r  Case E was a r b i t r a r i l y  s e t  equal  
0 
to 0.06. This means t h a t  i t s  Tm = 387 [RJ r a t h e r  than  270 [ ~ g  and t h e  nozz le  
inlet temperature is 2 3 4 r R J  i n s t e a d  of 40PFt] By Equation ( 4.1  ), case  E 
thereby has a prope l l an t  tankage mass roughly 3.35 t imes t h a t  of t h e  o t h e r  cases  . 
Because a p a r t i c u l a r  mission has  n o t  been s e l e c t e d ,  t h e  mass of  p r o p e l l a n t ,  Mp, and 
t h e r e f o r e ,  t h e  a c t u a l  amount of t h i s  weight pena l ty ,  is unknown. The f r a c t i o n  of  
core power c a l c u l a t e d  i n  Table 5-3 i s  c l o s e  t o  t h e  nominal va lue  of  5% c i t e d  by 
Bussard and DeLauer ( 11, p. 183  ). According t o  them, nominally 3% of t h e  core  
tkaermal power is  r e t a i n e d  by t h e  r e f l e c t o r  through gamma photon abso rp t ions ,  neut ron  
heating,  and conductive h e a t  t r a n s f e r ,  wh i l e  2% of  t h e  co re  thermal power i s  
added t o  t h e  coolant  through t h e  converging-diverging rocket  nozz le .  
The mean p re s su re  i n  t h e  r e f l e c t o r  is  taken t o  b e  equal  t o  Pg f o r  a l l  eases .  
CaLewSatfons were performed wi th  t h e  i n t e g r a t e d  momentum Equation ( 4.10 ) 
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and the r e s u l t s  showed t h a t  p re s su re  l o s s e s  ac ros s  t h e  r e f l e c t o r  a r e  q u i t e  n e g l i g i b l e .  
The mean r e f l e c t o r  channel hydrogen d e n s i t y  is  c a l c u l a t e d  from t h e  p e r f e c t  gas 
I t l W ,  Equation ( 3.4 ). For t h e  EXTERMINATOR c a l c u l a t i o n s  t h i s  mean channel dens i ty  
- 
must be c ~ n v e r t e d  t o  a  r e f l e c t o r  reg ion  dens i ty ,  pr ! 
- 
where += t h e  r e f l e c t o r  vo id  f r a c t i o n .  
There a r e  s e v e r a l  r e f l e c t o r  vo id  f r a c t i o n  va lues  repor ted  i n  the 
l i t e r a t u r e .  Bussard and DeLauer ( - 1l ) c i t e  a r e f l e c t o r  void f r a c t i o n  of  15% 
as  r e p r e s e n t a t i v e  f o r  nuc lea r  rocke t  T h c t o r s  ; Plebuch ( - 10  ) repor ted  ora. 
bery l l ium r e f l e c t o r s  wi th  $ = 0 . l o ;  and Cooper ( - 7 ) used $I = 0.25 i n  his fast 
r e a c t o r  c a l c u l a t i o n s .  Three important  cons idera t ions  might govern "ele s e l e c t i o n  
o f  an i d e a l  nuc lea r  rocke t  r e f l e c t o r  vo id  f r a c t i o n  : (1.)  having a large re- 
f l e c t o r  void f r a c t i o n  w i l l  c e r t a i n l y  inc rease  t h e  r equ i r ed  uranium crit-~eal mass 
because of  t h e  increased  neut ron  leakage;  (2 . )  on t h e  o t h e r  hand, Plebuch has 
shown t h a t  t h e  power peaking a t  t h e  r a d i a l  co re - r e f l ec to r  i n t e r f a c e  for un- 
i formly loaded r e a c t o r s  decreases  a s  t h e  s o l i d  f r a c t i o n  of  bery l l ium i s  de- 
creased.  Less r e d i s t r i b u t i o n  of  uranium i n  t h e  r a d i a l  d i r e c t i o n  w o d d  be  reqvsred t o  
shape an optimum f l a t  r a d i a l  power p r o f i l e ,  assuming t h a t  t h e  t h i c k  r ad i a l  
r e f l e c t o r  always produces a power peak o therwise .  This  does n o t  r ep re sen t  t h e  
s i t u a t i o n  i f  an increased  r e f l e c t o r  vo id  f r a c t i o n  al lows more hydrogen eo be 
introduced i n t o  t h e  r e f l e c t o r .  In  t h i s  case  t h e  power peaking may inc rease  because 
of increased  moderation by t h e  hydrogen; (3.)  t h e  r e f l e c t o r  may be  used for control, 
A decreased bery l l fum dens i ty  w i l l  make t h e  r e f l e c t o r  less e f f e c t i v e  - if t h e  
decreased bery l l ium dens i ty  does n o t  a l low a d d i t i o n a l  hydrogen i n t o  the  reflector, 
The t o t a l  r e a c t i v i t y  con t r ibu t ion  represented  by a r e f l e c t o r  having an increased 
void f r a c t i o n  f i l l e d  by hydrogen may b e  l a r g e r  than the  lower void fraction also 
f i l l e d  w i  t h  hydrogen . 
No r e f l e c t o r  void f r a c t i o n  has  been s p e c i f i c a l l y  repor ted  f o r  the NERVA o r  
Phoebus nuc lea r  rocke t  r e a c t o r s .  For comparative purposes,  t h e  two nominal values  of  
1 5  and 30% r e f l e c t o r  void f r a c t i o n s  a r e  used. In  t h e  fol lowing s e c t i o r s ,  t h e  
short-hand n o t a t i o n ,  A-15, means t h a t  t h e  r e a c t o r  co re  o f  case  A i s  r e f l e e t e d  by 
a bery l l ium r e f l e c t o r  conta in ing  1 5  volume % hydrogen and 85 volume % 'berylEfum, 
A.30 has  a  bery l l ium r e f l e c t o r  conta in ing  30 volume % hydrogen and 70 volume % 
b e r y l l i m e  
5 , 2  Hydrogen Reaet ivf  t y  WoPth 
-- 
5 , 2 , 1  In t roduc t ion  
--
C r i t i c a l i t y  f o r  a nuc lea r  r e a c t o r  system i s  simply the  p r e c i s e  ba lance  
between neut rons  be ing  produced i n  t h e  r e a c t o r  system and neut rons  be ing  l o s t  
from t h e  system through absorp t ions  and leakage ac ros s  t h e  phys i ca l  boundaries .  
Th i s  i s  expressed i n  t h e  e f f e c t i v e  m u l t i p l i c a t i o n  cons t an t ,  Equation ( 5.3  9. 
Tota l  Product ions ( 5 .3  ) 
k = Tota l  Absorptions + Leakage 
The reactor model used i n  t h i s  t h e s i s ,  shown i n  F igure  5-2 ,  i s  an extremely 
complicated system t o  at tempt  t o  p r e d i c t  i n  any d e t a i l e d  manner because t h e  t h r e e  
components of Equation ( 5.3  ) a r e  n o t  conceptual ly easy  t o  s epa ra t e .  The 
r e a c t o r  is non-symmetrically r e f l e c t e d  which means t h a t  neut ron  leakage is  
non-symietrieaB. Hydrogen is p re sen t  i n  bo th  r e f l e c t o r  and reactox core  which 
will perturb t h e  neut ron  energy spectrum. The non-uniform d i s t r i b u t i o n  o f  hydrogen 
i n  t h e  r e a c t o r  means t h a t  t h e  neutron energy spectrum i s  s p a t i a l l y  dependent. 
Because of t h i s  complexity,  t h e  i n t e r p r e t a t i o n  of multigroup c a l c u l a t i o n s  w i l l  
be g r e a t l y  a ided  by c o r r e l a t i n g  t h e  r e s u l t s  t o  show obvious t rends .  
P r i m a r i l y  because neut ron  leakage i s  so prominent i n  t h e  r e a c t o r s  i n v e s t i -  
gated i n  t h i s  t h e s i s ,  a l l  of t h e  numerical r e s u l t s  of t h i s  chapter  a r e  p l o t t e d  
a g a h s t  the geometr ical  buckl ing  f o r  each p a r t i c u l a r  r e a c t o r .  In  c y l i n d r i c a l  
geometry, the buckl ing i s  def ined  by Equation ( 5.4 ) : 
as used i n  t h i s  t h e s i s ,  t he  LC and Rc  i n  Equation ( 5 .4  1 a r e  t h e  a c t u a l  phys i ca l  
reactor core l eng th  and r ad ius  prev ious ly  determined f n  Chapter 4 .  The buckl ing  
is a convenient parameter which has  been found t o  be  very  important  i n  c o r r e l a t i n g  
t h e  c h a r a c t e r i s t i c s  of t h e s e  compact r e a c t o r  c o r e s .  
The t h e o r e t i c a l  m o t i v a t i o n  beh ind  u s i n g  B2 comes from a n a l y z i n g  v e r y  
s imple  r e a c t o r s  - one group, one r e g i o n ,  and u n r e f l e c t e d .  For t h e s e  s imple  
sys tems ,  Equa t ion  (5.4) i s  t h e  f i r s t  e i g e n v a l u e  o f  t h e  c r i t i c a l  d k f f u s i o n  
e q u a t i o n  and t h e  t o t a l  l eakage  from a c r i t i c a l  r e a c t o r  i s  d i r e c t l y  pro-  
p o r t i o n a l  t o  B~ (39). It i s  n a t u r a l  t o  a t t e m p t  t o  u s e  a paramete r  t h a t  
d e s c r i b e s  l eakage  f o r  a s i m p l e  sys tem i n  o r d e r  t o  u n d e r s t a n d  and i n t e r p r e t  
a complicated sys tem t h a t  i s  a l s o  v e r y  l e a k a g e  dependent .  From an engi- 
n e e r i n g  v iewpoin t ,  t h e  c r i t i c a l  c o r e  dimensions  i n  Equa t ion  (5-4) are 
p r e s e n t  by t h e  MAXPOW h e a t  t r a n s f e r  o p t i m i z a t i o n  b e f o r e  any o t h e r  pa ramete r  
of i n t e r e s t ,  such  a s  t h e  C / U  r a t i o ,  can b e  c a l c u l a t e d .  The c l e a r  t r e n d s  
i n  hydrogen r e a c t i v i t y  worth  as c o r r e l a t e d  w i t h  B 2 ,  shown i n  Sec t ion  5 - 2 . 3 ,  
cou ld  e l i m i n a t e  some f u t u r e  e x t e n s i v e  mul t ig roup  computat ions .  
5 .2 .2  C r i t i c a l  Uranium C o n c e n t r a t i o n s  w i t h  Hydrogen 
During f u l l  power o p e r a t i o n  o f  a  n u c l e a r  r o c k e t  t h e r e  i s  hydrogen 
f lowing  through t h e  r e f l e c t o r  and c o r e ,  c o n t r i b u t i n g  r e a c t i v i t y  because  
of hydrogen 's  e x c e l l e n t  modera t ing  p r o p e r t i e s .  The minimum c r i t i c a l  mass 
r e q u i r e d  f o r  f u l l  power o p e r a t i o n  w i l l  occur  f o r  t h e  s t e a d y - s t a t e  s i t u a t i o n  
i n  which t h e r e  a r e  no c o n t r o l  r o d s  o r  e x t r a  n e u t r o n  a b s o r b i n g  m a t e r i a l s  
p r e s e n t  i n  t h e  r e a c t o r  sys tem and t h e r e f o r e  f u l l  u s e  is  made of t h e  
i n c r e a s e  i n  r e a c t i v i t y  c o n t r i b u t e d  by a l l  o f  t h e  hydrogen. Tab le  5-4 
and F i g u r e  5-3 show t h e  c r i t i c a l  uranium c o n c e n t r a t i o n s  and c r i t i c a l  
masses f o r  t h e  n i n e  r e a c t o r  c a s e s  examined i n  t h i s  t h e s i s .  Appendix D 
l i s t s  t h e  m a t e r i a l  d e n s i t i e s  and n u c l e a r  mul t ig roup  c o n s t a n t s  used i n  
t h e s e  c a l c u l a t i o n s .  
The sequence A-D e x h i b i t s  d e c r e a s i n g  c r i t i c a l  masses a s  t h e  p h y s i c a l  
s i z e  o f  t h e  r e a c t o r  c o r e s  i n c r e a s e s  and r e l a t i v e  n e u t r o n  l eakage  d e c r e a s e s ,  
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Case E.15 has a lower r e f l e c t o r  hydrogen d e n s i t y  a s  compared t o  A.15. From Table 
5-4, E,15 has a 26.2 Kg c r i t i c a l  mass disadvantage. F igure  5-3, however, 
shows that t h e  c r i  t i c a l  uranium- concent ra t ions  t h a t  r e s u l t  from a simultaneous 
change in physf c a l  s i z e  and changes i n  core  and r e f l e c t o r  hydrogen d e n s i t i e s  
are very s t r o n g l y  c o r r e l a t e d  by t h e  geometr ical  buckl ing.  
Since leakage i s  so dominant ( as shown by t h e  B2 dependence ) then i t  is  
probable that most of  t h i s  26 Kg mass disadvantage is  due t o  t h e  smal l  change i n  
physical s i z e  between case  A and case  E. In  Sec t ion  5.2.3 i t  is  shown t h a t  t h e  
t o t a l  worth of hydrogen i n  t h e  r e f l e c t o r  of a  f i x e d  co re  s i z e  i s  d i r e c t l y  pro- 
portional. t o  t h e  hydrogen- dens i ty .  If t h e  mean temperature,  Tm, f o r  E.15 had 
387 been 170 'R = Tm ( 8.15 ) then  E.15 would have had m x (  1.79$ ) = 4.08 $ 
r e a c t i v i t y  cont r ibu t ionf rom i t s  r e f l e c t o r  hydrogen. ( The 1 . 7 9  $ value  is 
reported i n  Table 5-5 i n  t h e  nex t  s ec t ion .  ) A c r i t i c a l i t y  search  f o r  E.15 showed 
t5at uranium is worth approximately 0.228 $ / K ~ u  ( t h i s  va lue  determined when a l l  
hydrogen present  ) so  t h a t  4.08 $ - 1.49 $ = 2.29 $ = 10.0 Kg uranium i s  t h e  t r u e  
pena l ty  case  E , l 5  i ncu r s  because of  decreased r e f l e c t o r  hydrogen dens i ty .  The 
remaining 16. Kg disadvantage is  due t o  increased  leakage  which is  t h e  dominant 
c h a r a c t e r i s t i c  of Figure 5-3. 
I 
The r e a c t o r  cases  group themselves according t o  t h e  r e f l e c t o r  void f r a c t i o n .  
Those r e a c t o r s  wi th  = 0.30 have l a r g e r  c r i t i c a l  uranium concenf r a t i o n s  and 
c r i t i c a l  masses because t h e  less dense bery l l ium r e f l e c t o r  a l lows more leakage.  
It i s  interesting t o  n o t e  t h a t  f o r  B2 g r e a t e r  than 70 x l ~ - ~ c m - ~ ,  t h e  two 
groups show a p a r a l l e l ,  almost l i n e a r  t r end  over  a f a i r l y  wide range of  c r i t i c a l  
uranium concent ra t ions .  Although these  r eac to r s  conta in  hydrogen, t h e  a d d i t i o n  
of all of  t h e  hydrogen t h a t  t h i s  t h e s i s  assumes f o r  s t eady- s t a t e  condi t ions  does 
not apprec iab ly  s o f t e n  t h e  neutron.  energy spectrum. The hydrogen add i t i on  s ign-  
i f i c a n t l y  reduces t h e  c r i t i c a l  mass, bu t  i n  o t h e r  r e s p e c t s  t h e  energy spectrum i s  
so f a s t  t h a t  most of  t h e  neut ron  product ions and leakage a r e  found i n  t h e  hegh 
energy groups, as w i l l  be shown i n  Sec t ion  5.3. These h igh  energy neut rons  do 
no t  "see" t he  r e f l e c t o r  i n  t h e  sense  t h a t  t h e  r e f l e c t o r  "bump" does n o t  appear, 
Figure  5-4 shows a r e p r e s e n t a t i v e  a x i a l  f l u x  p l o t  f o r  ca se  A.15. The reflector 
11 bump", o r  i n c r e a s e  i n  a group f l u x  i n  t h e  r e f l e c t o r ,  r e p r e s e n t s  s i g n i f i c a n t  
moderation by t h e  r e f l e c t o r .  A s  seen  i n  t h e  f i g u r e ,  t h e  h igh  energy groups tend 
t o  have i d e n t i c a l  s p a t i a l  shapes ,  o r  cons t an t  group buckl ings ,  u n t i l  energy 
group 9 ( 100 - 550 eV ) must a l t e r  i t s  shape t o  a d j u s t  t o  t h e  r e f l e c t o r 9 &  pre-  
sence. The groups h ighe r  than group 9 behave i n  e s s e n t i a l l y  t h e  same manner as 
un re f l ec t ed  neut ron  f luxes .  Since t h e  ma jo r i t y  of  neut ron  product ions  and leak- 
ages occur  i n  t h e s e  h igh  energy. groups,  F igure  5-3 shows an almost l i n e a r  depea- 
dence o f  c r i t i c a l  uranium concent ra t ion  upon B ~ ,  j u s t  a s  i n  t h e  s imple one-group, one- 
reg ion ,  b a r e  r e a c t o r  ( - 39 ). Case D.15 has  i ts  mean neut ron  product ion et7,eargy 
( def ined  and t a b u l a t e d  i n  Sec t ion  5 . 3  ) i n  t h e  in t e rmed ia t e  range and therefore 
dev ia t e s  from t h e  smooth l i n e  p red ic t ed  by cases  A.15 - C.15. 
The n o t a b l e  except ion  t o  t h e  $= 0.15 l i n e  is  case  F.15. This i s  t h e  "pancake" 
core  r e s u l t i n g  from a low Slow r a t e  p e r  channel.  Because t h e  r e a c t o r  model, shorn 
i n  Figure 5-2, has  no r e f l e c t o r  on t h e  rocke t  nozz le  end, pancakeness g r e a t l y  increases 
t h e  f a s t  l eakage  from t h i s  end. C r i t i c a l  uranium concen t r a t ion  r e l a t i v e  t o  a square 
c y l i n d e r ,  sequence A-E, must i n c r e a s e  t o  main ta in  c r i t i c a l i t y .  Table 5-4 shows t h a t  
F.15 has t h e  l a r g e s t  c r i r c a l  mass, 737 Kg. The weight o f  t h e  uranium c r i t i c a l  mass 
i s  small  compared t o  t h e  e n t i r e  rocke t  system, e s p e c i a l l y  t h e  s h i e l d i n g ,  However, 
t h e  pancake core  now has  two inhe ren t  disadvantages:  
(1. ) an increased  end s h i e l d  mass because of  i t s  l a r g e  r a d i u s ,  and 
(2 . )  an increased  c r i t i c a l  mass because of  t h e  increased  bottom leakage, 
These disadvantages must be o f f s e t  by t h e  i n c r e a s e  i n  I s p  when t h i s  type o f  core 
is  eva lua ted  f o r  any planned mission.  
'REFLECTOR \ 
,- C O R E  
\ 
\ 
\ 
DISTANCE FROM CORE INLET, X (CM. ) 
FZCURE 5-4 REPRESENTATIVE AXIAL NEUTRON GROUP FLUX DISTRIBUTIONS, CASE A . 1 5  
5.2.3 Reactivlfty Worths- of Core and Ref l e c t o r  Hydrogen as Corre1a.t 
Geometrical- Buckling . 
The r e s u l t s  of Sec t ion  5.2.2 d e f i n e  c r i t i c a l ,  s t eady- s t a t e  r e a c t o r  con- 
f i g u r a t i o n s  f o r  which- t h e  t o t a l  and r e l a t i v e  hydrogen r e a c t i v i t y  con t r ibu t ions  
i n  t h e  r e a c t o r  co re -and  r e f l e c t o r  can b e  ca l cu la t ed .  Re f l ec to r  hydrogen worth 
is  always eva lua ted  i n  t h i s  t h e s i s  w i th  t h e  r e a c t o r  co re  empty of  hydrogen and r e a c t o r  
co re  hydrogen worth i s  always- eva lua ted  wi th  t h e  r e f l e c t o r  f i l l e d  uniformly w i t h  
hydrogen a t  Po and Tm. This-  eorresponds t o  t h e  phys i ca l  s i t u a t i o n  shown i n  Fig-  
u re  2-1 : hydrogen e n t e r s  t h e  n u c l e a r  r e a c t o r  r e f l e c t o r  be fo re  e n t e r i n g  the reac- 
t o r  core.  
To avoid t h e  overuse- 05 the*  M t t e n  phrase  "hydrogen r e a c t i v i t y  wor thFB,  the 
fol lowing symbols- are defined:  
Akt r  = r e a c t i v i t y  worth due t o  a l l  o f  t h e  hydrogen i n  a r e f l e c t o r  ,( 5,s 1 
A ktc = r e a c t i v i t y  worth- due t o -  a l l  o f  t h e  non-uniform hydrogen in. e r e a c t o r  
co re  L$J , ( 5.6 > 
A kt, = b k t r  
r o t a 1  r e f  l e c t o r  hydrogen atoms 
C J 
t o t a l  co re  hydrogen atoms 
1 
~k = dk t r  + Ak$c 
t o t a l  r e a c t o r  hydrogen atoms 
'4k and 1 .0$  = 0.0064 -
k ( 4 ) .  
Thus b k t r  = whole-ref lector-  hydrogen r e a c t i v i t y  worth and b k t c  = whiole-ecre hydro- 
gen r e a c t i v i t y  worth. The, r e s u l t s  o f  t h e  multigroup c a l c u l a t i o n s  a r e  presented 
i n  Table 5-5 and Figure  5-5. The d a t a  form very  r e g u l a r  groupings charac ter ized  
by t h e  r e f l e c t o r  w i d  f r a c t i o n ,  + . 
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Severa l  obvious conclusions can b e  drawn from Figure 5-5 : 
( 1 , )  There i s  a very  d e f i n i t e  a lmost- l inear  dependence upon B2 w i t h i n  each 
grouping,  A s  t h e  phys i ca l  s i z e  of  t h e  r e a c t o r  cores  i n c r e a s e  ( B2 decreases  ) 
both bkt, and b;k i nc rease ;  t c  
( 2 , )  The t o t a l  r e f l e c t o r  hydrogen r e a c t i v i t y  con t r ibu t ion  can b e  s i g n i f -  
i c a n t l y  g r e a t e r  than t h e  t o t a l  r e a c t i v i t y  con t r ibu ted  by t h e  core  hydrogen d i s -  
tribution, Table 5-5 shows t h a t  8.15 has  d k t r  = 4.18 $ ve r sus  d k t c  = 2.77 $, whi le  
Ae30 has Akt, = 7.70$ versus  bktc  = 2.53 $. Case E.15, wi th  a  Tm = 387 R t h a t  is  
s u b s t a n t i a l l y  h ighe r  than  the  uniform Tm = 170 R f o r  t h e  A-D sequence, has  a  lower 
bk  f o r  the r e f l e c t o r  hydrogen than f o r  t h e  core  hydrogen. This  would i n d i c a t e  
that i t  is  the quan t i t y  of  hydrogen i n  t h e  r e f l e c t o r  r e l a t i v e  t o  t h e  core  t h a t  
accounts f o r  the g r e a t e r  r e a c t i v i t y  f o r  t h e  r e f l e c t o r  hydrogen and t h i s  is  shown 
l a t e r ;  
( 3 , )  Wen the  Qktr f o r  t h e  t h r e e  corresponding s e t s  of  ca ses ,  A(.15,. 30) ,  
B(,15,.30), and C(.15,.30), a r e  compared, i t  i s  found t h a t  t h e  r a t i o  of t h e  re- 
f l e e to r  &:ydrogem. worths f o r  each s e t  a r e  a l l  approximately i n  t h e  r a t i o  1 : 1.80 
which i s  in n e a r l y  t h e  same r a t i o  a s  t h e  r e f l e c t o r  hydrogen d e n s i t i e s  ( exac t ly  1:2)  ; 
( 4 . )  The pancake core ,  case  F.15, does n o t  f a l l  i n t o  t h e  += 0.15 group- 
i ng  a s  c o r r e l a t e d  by B2,  a l though t h e  t o t a l  core  p l u s  r e f l e c t o r  hydrogen worth,  
7 . 4 1  $, i s  i n  t h e  same range as t h e  t o t a l  b k l s  o f  t h e  += 0.15 A-D sequence. 
Reasonable ca re  was taken t o  c l o s e l y  approximate t h e  continuous core  hydro- 
gen d i s t r i b u t i o n s  ca l cu la t ed  by W P O W  when conver t ing  t o  t h e  lumped r eg iona l  
hydrogen d e n s i t i e s  f o r  a n a l y s i  s by EXTERMINATOR, i l l u s t r a t e d  i n  Figure 5-1, so 
t h a t  the r e g u l a r i t y  of  t h e  t r ends  shown by Figure  5-5 a r e  thought n o t  t o  be t h e  
r e s d t  of any sys t ema t i c  e r r o r  i n  d a t a  prepara t ion .  However, i n t e r p r e t a t i o n  o f  
Figure 5-5 is somewhat obscured by t h e  unequal amounts o f  hydrogen being compared 
from case  t o  case.  As decreases ,  n o t  on ly  do t h e  r e a c t o r  core  volumes increase, 
bu t  t h e  r e f l e c t o r  volume a l s o  inc reases .  Therefore equal  d e n s i t i e s  o f  hydrogen 
mean d i f f e r e n t  masses of hydrogen from ease  t o  case.  
The whole-core and whole- re f lec tor  hydrogen worths a r e  d iv ided  by the  total num- 
b e r  of hydrogen atoms i n  each s e e t i o n  o f  t h e  r e a c t o r  and t h e s e  r e s u l t s  are repor ted  
i n  Table 5-6 and Figure 5-6 as s p e c i f i c  r e a c t i v i t y  worth,  d o l l a r s  p e r  kg.H2"here 
dk one $ = 0.0064 - . 
k 
Table 5-6 
Spec i f f  c Hydrogen Reac t iv i ty  ~ o r t h s *  
For Heat-Transfer Op timum Nuclear Rocket Reactors  
Case 
f 
* Reac t iv i ty  worths expressed in[$lkg H;I 
2 J B = Geometrical buckl ing 
From Figure  5-6 one can s e e  t h a t  t h e  d a t a  aga in  form d e f i n f t e  groupings 
based upon r e f l e c t o r  vo id  f r a c t i o n ,  . A T c  is  much g r e a t e r  than d3, because 
t h e  f a s t  neut rons  which are down-scattered i n  t h e  core  a r e  more imrpsrtant t o  the 
c r i t i c a l i t y  of t h e  system than f a s t  neut rons  down-scattered i n  t h e  r e f l e e t o r ,  

Thus, hydrogen i s  more e f f e c t i v e  i n  t h e  core.  A s  t he  magnitude of shows, the 
g r e a t e r  e f f e c t i v e n e s s  of core  hydrogen i s  outweighed by the  g r e a t e r  number of re- 
f l e c t o r  hydrogen. atoms and t h e  bT value  c l o s e l y  matches 4Ttr r a t h e r  than &kt,. 
The l i n e a r i t y  demonstrated i n  Figure 5-6 f o r  t h e  = 0.15 group of ilkt, i s  
more apparent  than t h a t  prev ious ly  demonstrated f o r A k t r  i n  Figure 5-5 because t he  
normal iza t ion  p l aces  cases  D.15 and E.15 d e f i n i t e l y  i n  l i n e  wi th  A-6. The obvious 
9 conclusion t o  be drawn from the  B2 t r ends  f o r  a11 of t h e  groupings i s  that a u n i t  
mass of hydrogen i n  e i t h e r  core  o r  r e f l e c t o r  i s  more e f f e c t i v e  a s  t he  average energy 
- 2 of t h e  system inc reases  s i n c e  both 4 kt, and Gtr inc rease  wi th  inc reas ing  B . By 
Equation (5.4) an inc reas ing  B2 means a  decreas ing  core  s i z e ,  more r e l a t i v e  neutron 
leakage,  and a  f a s t e r  neutron spectrum, a s  i s  shown i n  the  fol lowing Sec t ion  5,3* 
Notice t h a t  t h e  normalized t r ends  i n  Figure 5-6 a r e  oppos i te  t o  t h e  t r ends  shown 
i n  Figure 5-5 which show an inc rease  i n  t o t a l  worth a s  B2 decreases .  The inc rease  
i n  ~k with  B 2  a s  shown i n  Figure 5-6 i s  a  change i n  t he  r e a c t i v i t y  e f f e c t i v e n e s s  of 
a  u n i t  mass of hydrogen which i s  compensated f o r ,  a s  i n  Figure 5-5, by an inc rease  
i n  t he  amount of hydrogen. 
When cases  A.15 - D.15 and A.30 - C.30 a r e  approximately f i t  by a straig11-t 
l i n e ,  t hese  equat ions  r e s u l t :  
A c o r r e l a t i o n  of t he  r e f l e c t o r  hydrogen d e n s i t y  versus  t o t a l  r e f l e c t o r  
hydrogen worth f o r  cases  A . 1 5  and A.30 i s  p l o t t e d  i n  Figure 5-7. Three 'values 
of hydrogen d e n s i t y  a r e  c o r r e l a t e d  f o r  each case ,  wi th  t h e  c r i t i c a l  uranium. con- 

c e n t r a t i o n s  previous ly  determined f o r  A.15 and A.30 remaining unchanged, The 
4 lowest  hydrogen d e n s i t y  f o r  each grouping i n  Figure 5-7 i s  a t  25% of full s teady-  
s t a t e  d e n s i t y  and the  middle va lue  i s  a t  50% of f u l l  dens i ty .  Therefore ,  equal 
q u a n t i t i e s  of hydrogen a r e  d i r e c t l y  compared f o r  t he  50%, A.30 p o i n t ,  and the 100%, 
A.15 po in t .  Figure 5-7 shows: (1.)  For t he  d e n s i t y  range,  25% - 100% o f  full 
s t eady- s t a t e  hydrogen dens i ty ,  t h e  Akt, c o n t r i b u t i o n  i s  d i r e c t l y  to 
t h e  hydrogen dens i ty ;  a  s i m i l a r  conclusion has been repor ted  by L i t t l e  (9) who 
-- 
found t h a t  t h e  t o t a l  r e a c t i v i t y  worth of uniform hydrogen i n  a  sma l l  core i s  
d i r e c t l y  p ropor t iona l  t o  dens i ty ;  (2 .)  an equal  amount of hydrogen i s  worth more 
i n  t h e  = 0.15 r e f l e c t o r  than i n  t he  += 0.30 r e f l e c t o r .  This  d i f f e r e n c e  i n  
r e a c t i v i t y  worth per  u n i t  mass of hydrogen cannot be  due t o  t he  inc rease  i n  the  
average energy of t h e  neutron spectrum f o r  t h e  A.30 r e a c t o r  system, but i s  prob- 
ab ly  due t o  t h e  decreased bery l l ium d e n s i t y  f o r  = 0.30. 
Corresponding t o  t h e  decrease i n  s p e c i f i c  worth f o r  hydrogen i n  the 4 = 0 , 3 0  
r e f l e c t o r ,  Figure 5-6 shows t h a t  t he  same e f f e c t  is  t r u e  f o r  hydrogen i n  the re- 
a c t o r  core.  Table 5-7 shows t h a t  Z t r ( . 1 5 )  -b?;fr(.15) = 0.37 [$ /KgH2]  and 
2 bkt,( .15) - dktC(.30)  = 1.80 [ $ / K ~ H ~ ] ,  independent of B . Apparently 
Table 5-7 
The E f f e c t  of an Increased  Ref l ec to r  Id 
Upon S p e c i f i c  Hydrogen Worth* 
the decreased d i f f u s i o n  c o e f f i c i e n t  i n  t he  r e f l e c t o r  has  a l t e r e d  t h e  r e l a t i v e  f l u x  
d i s t r f " o t i o n s  i in  both core and r e f l e c t o r  such t h a t  hydrogen is  n o t  a s  e f f e c t i v e  i n  
reducing leakage. 
The fol lowing t e n t a t i v e  explana t ion  f o r  t he  behavior  of hydrogen e f f e c t i v e n e s s  
f o r  t hese  very  f a s t  systems i s  prompted by a  d i scuss ion  by Lamarsh on neutron 
moderation (39,  - Chapter 6 ) .  Lamarsh observes t h a t  oxygen i n  water  a c t s  l i k e  a  
9 9  uniformpg d i s t r i b u t e d  r e f l e c t o r "  wi th  r e s p e c t  t o  hydrogen i n  t h a t :  (a )  oxygen 
does no t  apprec iab ly  moderate neut rons  by i t s e l f ,  b u t  (b) neutron c o l l i s i o n s  wi th  
oxygen tend t o  prevent  t h e  neutrons from t r a v e l i n g  very  f a r  from a source ,  i n  
which case t h e  presence of oxygen w i l l  i nc rease  t h e  "ava i lab le"  neutron f l u x  i n  
the v i c i n i t y  o f  hydrogen. Increased  moderation r e s u l t s  and t h e  neutron age,  7, 
is  decreased s i g n i f i c a n t l y .  Fermi age theory g ives  - B ~ ~  e a s  t h e  f a s t  non-leakage 
probability ( 4 0 )  - and one can s e e  t h a t  t h e  presence of oxygen makes hydrogen more 
e f f e c t i v e  i n  reducing leakage.  This  same e f f e c t  may be  r e spons ib l e  f o r  t he  de- 
crease la hydrogen e f f e c t i v e n e s s  s ay ,  from A.15 t o  A,30. Figure 5-4 shows t h a t  
thermal neutrons have a  very  h igh  peak i n  t h e  r e f l e c t o r .  Figure 5-8 shows t h a t  i t  
i s  primarily t h e  bery l l ium t h a t  provides t he  ma jo r i t y  of t he  thermal f l u x  even 
though the hydrogen s i g n i f i c a n t l y  i nc reases  t he  f l u x .  Therefore,  i t  i s  reasonable 
t o  conclude t h a t  hydrogen's e f f e c t i v e n e s s  i n  both core and r e f l e c t o r  may depend 
upon the r e f l e c t o r  dens i ty .  
Lamarsh observes t h a t  a decrease  i n  t h e  so-ca l led  neut ron  a g e , T ,  a l s o  
occurs f o r  metal-water mixtures ,  uranium s p e c i f i c a l l y .  Lamarsh concludes t h a t  
since t he se  metals  do n o t  moderate neutrons apprec iab ly  by e l a s t i c  s c a t t e r i n g ,  
then an inc rease  i n  moderation must occur by i n e l a s t i c  s c a t t e r i n g .  I n e l a s t i c  
scattering f o r  uranium inc reases  i n  e f f e c t i v e n e s s  wi th  neutron energy a s  Table 5-8 
shows ( s u m a r i z e d  from Table D-2). 
FIGURE 
DISTANCE FROM REACTOR EDGE (CM) 
5-8 REPRESENTATIVE HIGHEST AND LOWEST ENERGY GROUP FLUX 
DISTRIBUTIONS, WITH AND WITHOUT HYDROGEN, CASE A.15 
Table 5-8 
To ta l  Yicroscopic S c a t t e r i n g  Cross Sec t ion  of Uranium 
Top 4 Groups 
' "1 3arn = cm 2 
Hydrogen t h e r e f o r e  appears t o  i nc rease  i n  e f f e c t i v e n e s s  a s  t he  r e a c t o r  cores  i n  
this t h e s i s  decrease i n  s i z e  because t h e  t o t a l  number of uranium atoms is  inc reas -  
ing* The h igher  ene rg i e s  of t h e s e  r e a c t o r  cores  al lows very e f f e c t i v e  use of t h e  
increased  uranium t o  down-scatter r e l a t i v e l y  more f a s t  neut rons  t o  
the energy range f o r  which hydrogen i s  very  e f f e c t i v e .  Thus the  same mass of 
hydrogen ' % e e s 8 h n  increased  neutron f l u x .  I n d i r e c t  confirmation of t he  co r r ec t -  
ness  of  this concept may be  seen by comparing Figure 5-3, which shows c r i t i c a l  
uranium concent ra t ion  versus  B ~ ,  and Figure 5-6. The# = 0.15 curve i n  Figure 5-3 
is s i m i l a r  t o  t h e  9 = o ~ I . ~ ~ K ~ ~  curve i n  Figure 5-6, which i s  no coincidence J 
if hydrogen s p e c i f i c  worth i s  d i r e c t l y  r e l a t e d  t o  t he  t o t a l  number of uranium atoms 
i n  the r e a c t o r  system. However, t h e r e  i s  no cons tan t  r e l a t i o n s h i p  between d T c  
and the c r i t i c a l  uranium concent ra t ion  which one would expect  i f  uranium were t h e  
only inelastic s c a t t e r e r .  The a c t u a l  s i t u a t i o n  i s  complicated by the  presence of 
carbon which a l s o  has  i n e l a s t i c  s c a t t e r i n g  i n  t he  h ighes t  energy group. A s  B~ 
i n c r e a s e s ,  t h e  concent ra t ion  of carbon must decrease  because t h e  core  void f r a c t i o n  
i n c r e a s e s *  The s p e c i f i c  worth of hydrogen should be a f f e c t e d  by the  carbon con- 
c e n t r a t i o n  although t h e  dominant e f f e c t  appears t o  be  due t o  uranium, 
It can be  concluded from t h e  above arguments t h a t  t h e  t r ends  discovered i n  
t h i s  s e c t i o n  a r e  based upon a  combination o f :  (a )  " d i s t r i b u t e d  r e f l e c t o r q '  e f f e c t  
and (b) i n e l a s t i c  uranium s c a t t e r i n g .  Trends such a s  Equations (5.10) , ( 5 ,  Ll) , 
(5.12) ,  and (5.13) can be  very  u s e f u l  i n  e s t ima t ing  r e a c t i v i t y  worth f o r  very 
compact nuc lea r  rocke t  r e a c t o r s .  
Because t h e  non-uniform hydrogen d i s t r i b u t i o n s  used i n  t h i s  r e a c t i v i t y  survey 
a r e  a  r e s u l t  of u s ing  Cor re l a t ion  (4.6) ,  r a t h e r  than Cor re l a t ion  (4.. 3 )  , the  po- 
s i t i o n a l  dependence of t h e  core  hydrogen was inves t iga t ed .  Because of t he  very 
r ap id  h e a t i n g  of t he  hydrogen coolant  t h a t  occurs  f o r  t hese  optimum r e a c t o r  cores,  
i t  was expected t h a t  most of t h e  non-uniform r e a c t i v i t y  would be  found t o  be due t o  
t he  f i r s t  few cent imeters  of t he  channel length .  Table 5-9 shows t h a t  over half of 
t h e b k t c  i s  due t o  t h a t  f r o n t  po r t ion  of t h e  channel t h a t  conta ins  t h e  ma jo r i t y  o f  
hydrogen. R e f e r r a l  t o  Figure 4-13, which shows t h e  d e n s i t y  d i s t r i b u t i o n s  f o r  
Cor re l a t ion  (4 .3) ,  and Table 5-2, which shows the  reg ion  d e n s i t y  d i s t r i b u t i o n s  
a c t u a l l y  used, i n  EXTERMINATOR, would enable  one t o  e s t ima te  t he  change i n  Akt, 
due t o  use of Cor re l a t ion  (4.3) by a  s imple l i n e a r  s c a l i n g  of t he  f i r s t  few 
channel s e c t i o n s .  I n  genera l  t h i s  w i l l  amount t o  no more than a  few cen t s  of  
r e a c t i v i t y .  
Table 5-9 
P o s i t i o n  Dependence of Core Hydrogen Worth 
For Severa l  Cases 
xo = Distance from core  i n l e t ,  s t a r t  of core  hydrogen region 
XI = Distance from core i n l e t ,  end of core hydrogen reg ion  
4 k" Incremental r e a c t i v i t y  change 
&kt, = T o t a l  r e a c t i v i t y  change f o r  e n t i r e  core  $1 
Case 
P 
A, 15 
A, 30 
E, 15 
F, 15 
The hydrogen d i s t r i b u t i o n  i n  t h e  r e f l e c t o r  i s  t r e a t e d  i n  an approximate manner 
i n  t h i s  t h e s i s  because t h e  s p e c i f i c  hydrogen worth of t he  r e f l e c t o r  is  much lower 
than the speciff  c hydrogen worth of t h e  core.  However, s i n c e  i t  has  been shown 
that the total r e a c t i v i t y  con t r ibu t ion  from the  r e f l e c t o r  can be  s e v e r a l  t imes the  
reactor core c o n t r i b u t i o n ,  t h e  p o s i t i o n a l  dependence of hydrogen i n  t he  r e f l e c t o r  
was examined. Figure 5-9 shows the  model used t o  i n v e s t i g a t e  t h e  s e q u e n t i a l  in -  
s e r t i o n  of hydrogen a t  f u l l  Po, Tm, i n  cases  A.15 and A.30. The hydrogen i s  
assumed t o  flow by s t a g e s  (conceptua l ly  only) f i r s t  i n t o  r e f l e c t o r  s e c t i o n  a ,  b ,  
c ,  and then d. The r e s u l t s  of t hese  c a l c u l a t i o n s  a r e  shown i n  Table 5-10, 
Approximately 65% of t he  t o t a l  r e f l e c t o r  r e a c t i v i t y  i s  introduced I n  a a r ~ d  b ,  
The AT'S f o r  s e c t i o n  b a r e  q u i t e  a b i t  h ighe r  than t h e  uniform bktlt caleuEated 
a t  the  beginning qf t h i s  Sect ion.  The reflector s e c t i o n  a t  t he  coire en t rance  i s  
about 72% higher  fhan t h e  uniform es t ima te  i l s o .  Re f l ec to r  s e c t i o n s  b ,  c, and d 
would be expected ta be a t  h ighe r  temperatures than s e c t i o n  a .  What appears t o  
- 
be  an underest imate a t  b arrd iC because t h e  l o w e r d k t r  i s  assumed, will tend t o  be  
compensated by an inc rease  i n  a c t u a l  temperature above Tm. A d e t a i l e d  h1,rdrogea 
d i s t r i b u t i o n  i n  t h e  r e f l e c t o r  (and an accu ra t e  de te rmina t ion  of t he  gamma heating 
f r a c t i o n  i n  t he  r e f l e c t o r )  would be requi red  t o  completely determine the error 
involved f o r  a uniform assumption. However, i t  i s  f e l t  t h a t  t he  model used i s  
accu ra t e  enough f o r  t h e  survey purpose of t h i s  t h e s i s .  
Table 5-10 
P o s i t i o n  Dependence of Re f l ec to r  Hydrogen Worth, Cases A.15 and A-30  
Case 
A. 15 
A. 30 
Sec t ion  
a 
b 
C 
d 
a 
b 
C 
d 
a - d = s e c t i o n s  of r e f l e c i o r ,  keyed t o  Figure 5-9 4' h k  = T o t a l  r e a c t i v i t y  increment 
Aktr = T o t a l  r e a c t i v i t y  worth of r e f l e c t o r  
E t r ( .  15) = 4.40 $ 1 ~ ~ ~ 2  
n t r ( .  30) = 4.05 $/KgH2 

5.3  - Changes i n  Neutron Product ion and Leakage Spec t r a  Due t o  the Presence 
of Hydrogen 
The mean neut ron  product ion energy and neutron leakage energy were calculated 
f o r  each case  i n v e s t i g a t e d  i n  t h i s  t h e s i s .  The d e f i n i t i o n  of t hese  mean ener- 
g ie s  a r e :  T- 
- 
~p = mean energy of neut rons  = hi ( v Z f d I i  Rev1 
causing product ions I 
T V X ~ ~ )  i 
L a  
= "mean product ion energy" I 
where ( ~ q d ) ~  = t o t a l  neutrons produced by f i s s i o n s  i n  group i, 
r 
and k & d ) i  = t o t a l  neutrons produced by f i s s i o n s  i n  a l l  groups, 
- i 
and Ei = mean energy of group i, [KeV] . 
The group ene rg i e s  a r e  l i s t e d  i n  Table 5-11. 
Table 5-11 
Average Group Energies  
Energy Group 
I 
- 
E [MeV] 
- 
EL = mean leakage energy =LE~ (Li) [Kevl 
/, I 
where Li = t o t a l  leakage neut rons  i n  group i, 
and z:) = t o t a l  leakage neut rons  f o r  a l l  groups, * [ I 
The r e s u l t s  of t hese  c a l c u l a t i o n s  a r e  shown i n  Table 5-12 and Figure 5-10. 
A s  Figure 5-10 shows, t h e  mean product ion and leakage ene rg i e s  group them- 
s e l v e s  according t o  r e f l e c t o r  $and c o r r e l a t e  almost l i n e a r l y  w i th  the  
geometr ical  buckl ing ,  B 2 .  Again, case  F.15 e x h i b i t s  d i f f e r e n t  charac te r -  
i s t i c s  khan t h e  o t h e r  cases  because of i t s  increased  r e l a t i v e  leakage.  
Figures  5-11 and 5-12 show the  e f f e c t  t h a t  hydrogen a d d i t i o n  has  
upon the  neut ron  product ion spectrum f o r  case  B.15. With the  a d d i t i o n  
of hydrogen uniformly t o  t h e  r e f l e c t o r  i n  Figure 5-11, t h e  major e f f e c t  
i s  t o  remove t h e  neut ron  product ions a t  f a s t  and in t e rmed ia t e  ene rg i e s  
( l e tha rgy  = 6 is  t h e  lower l i m i t  f o r  " f a s t "  ene rg i e s  2 100 KeV) and 
inc rease  t h e  thermal product ions s i g n i f i c a n t l y .  For only  an 18  KeV 
reduct ion  i n  t h e  Ep t h e  r e s u l t  i s  Ak = 4.33$. Actua l ly  t h e  c a l c u l a t i o n  
o f  a mean product ion energy does n o t  r e a l l y  r e f l e c t  t h e  l a r g e  i n c r e a s e  
Table 5-12 
Mean Neutron Leakage Energies  and Mean Neutron Product ion Energies  
Case 
A. 15  
B.15 
6.15 
D .  15 
E .  15 
F,15 
A. 30 
B .  30 
C .  30 

PRODUCTION SPECTRUM, CASE B.15 
FIGURE 5-12 EFFECT OF CORE HYDROGEN UPON NEUTRON 
PRODUCTION SPECTRUM, CASE B.15 
i n  thermal product ions.  The average ene rg i e s  of groups 1 - 8 a r e s o  much l a r g e r  
than t he  0.025eV of t h e  16 th  group, t h a t  changes i n  zp only show s h i f t s  
among these  h ighe r  groups. With t h e  a d d i t i o n  of t he  non-uniform hydrogen 
d i s t r i b u t i o n  t o  t he  r e a c t o r  core  i n  Figure 5-12, no d e t e c t a b l e  r e l a t i v e  
change occurs  i n  t h e  thermal group when compared wi th  Figure 5-11 and the  
only change i n  t he  product ion spectrum i s  a f u r t h e r  s h i f t  from f a s t  t o  
in te rmedia te  ene rg i e s .  For t h i s  hydrogen a d d i t i o n  the  change i n  zp i s  10 KeV 
and b k  = 3.12$. For t h e  e n t i r e  r e a c t o r ,  hydrogen has sof tened  the  spectrum 
only 28  KeV and added 7.45$ i n  r e a c t i v i t y .  This  is  a r e p r e s e n t a t i v e  re- 
sult f o r  a l l  of t hese  r e a c t o r s .  The ma jo r i t y  of moderation i n  t hese  f a s t ,  
compact cores  i s  due t o  i n e l a s t i c  s c a t t e r i n g  by uranium and e l a s t i c  s c a t -  
t e r i n g  by carbon. Hydrogen i s  p r imar i ly  e f f e c t i v e  i n  u t i l i z i n g  the  pres- 
ence of uranium i n e l a s t i c  s c a t t e r i n g  t o  s i g n i f i c a n t l y  i nc rease  t h e  thermal 
group product ions and i n  t h a t  manner reduce leakage.  
S imi l a r ly ,  t h e  a d d i t i o n  of hydrogen does n o t  g r e a t l y  a f f e c t  t h e  
neutron leakage spectrum i n  terms of EL. Figure 5-13 shows t h e  t y p i c a l  
prominence of t h e  second energy group i n  t h e  leakage s p e c t r a .  Although 
A,30 has twice t h e  number of hydrogen atoms i n  t h e  r e f l e c t o r ,  A.15 s t i l l  
has r e l a t i v e l y  more thermal neutron leakage.  This  p o i n t s  ou t  t h e  e f -  
f ec t iveness  of denser  bery l l ium i n  combination wi th  hydrogen i n  moderating 
neut rons ,  
5,4 Non-Uniform E f f e c t s  
P
5 , 4 , 1  Pe r tu rba t ions  i n  Power D i s t r i b u t i o n s  Due t o  t he  Presence of 
Hydrogen i n  Uniformly-Loaded Reactors  
The r e s u l t s  r epo r t ed  i n  Sec t ion  5.2.2 demonstrate t h a t  t he  c r i t i c a l  
reactors wi th  t h e  dimensions p red ic t ed  by MAXPOW have very  high uniform 
LETHARGY 
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u r a ~ i u m  concent ra t ions .  When hydrogen i s  introduced i n t o  the  r e f l e c t o r  
t he re  i s  an inc rease  i n  t h e  number of thermal neutrons going from the  re-  
f l e c t o r  i n t o  t h e  core.  Because of t he  high concent ra t ion  of uranium, these  
thermal neutrons a r e  very  quick ly  absorbed and t h e  change i n  power dens i ty  
w i l l  show the  l a r g e s t  i nc rease  a t  t h e  co re - r e f l ec to r  i n t e r f a c e .  When 
hydrogen 1s introduced i n t o  the  r e a c t o r  core  t h e  hydrogen w i l l  very  
r a p i d l y  decrease i n  d e n s i t y  along the  channel i f  t h e  r e a c t o r  core  i s  a l -  
ready heated  up. L i t t l e  (9)  - has  shown t h a t  unacceptably l a r g e  r e a c t i v i t y  
i n s e r t i o n s  can r e s u l t  i f  co ld ,  dense hydrogen i s  d i r e c t l y  i n j e c t e d  i n t o  
the  r e a c t o r  core .  From the  r e s u l t s  repor ted  i n  Sec t ion  5.2.3 t h i s  danger 
IS confirmed by no t ing  t h e  r e l a t i v e l y  much g r e a t e r  s p e c i f i c  r e a c t i v i t y  
wolrrli o f  core  hydrogen wi th  r e s p e c t  t o  r e f l e c t o r  hydrogen. Therefore i t  
i s  assumed t h a t  the  scheme of r e a c t o r  s t a r t u p  w i l l  b e  such t h a t  s p a t i a l  
s h i f t s  i n  power d e n s i t y  i n  t he  r e a c t o r  core  need n o t  cons ider  the  i n s e r t i o n  
of co ld ,  dense hydrogen. I f  a comparison i s  made of power d i s t r i b u t i o n s  
i n  t he  r e a c t o r  core wi th  no hydrogen p re sen t  anywhere and then wi th  a l l  
o f  the hydrogen p r e s e n t ,  d i s t r i b u t e d  a s  prev ious ly  assumed f o r  t h e  c r i t -  
i c a l  mass and r e a c t i v i t y  c a l c u l a t i o n s  i n  Sec t ion  5 .2 ,  then a reasonable 
i d e a  cari be had of t h e  amount of power t i l t i n g  t h a t  must occur dur ing  
s tar t u p  , 
Figure 5-14 shows t h e  r e l a t i v e  changes i n  a x i a l  power shape a s  
hydrogen i s  f i r s t  f u l l y  i n s e r t e d  i n t o  t h e  r e f l e c t o r  and then subsequent ly 
f u l l y  i n s e r t e d  a s  a non-uniform d i s t r i b u t i o n  i n t o  the  r e a c t o r  core .  This  
i s  only a convenient c a l c u l a t i o n a l  technique t o  show the  maximum v a r i a t i o n  
In power shape. For an a c t u a l  r e a c t o r  system, t he  hydrogen would be i n t r o -  
duced i n  a much more continuous manner, s t a r t i n g  wi th  low pressure  hydrogen 
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i n  a boo t s t r ap  opera t ion  (2). 
Figure 5-14 shows t h a t  t he  b i g g e s t  r e a c t i v i t y  change f o r  case  A.15, 
which i s  due t o  t h e  r e f l e c t o r  hydrogen, a l s o  causes t he  l a r g e s t  s p a t i a l  
change. Subsequent core hydrogen in t roduc t ion  inc reases  the  i n l e t  power 
dens i ty  a l i t t l e  and reduces t h e  remainder of t he  power p r o f i l e  back t o  
t he  no-hydrogen condi t ion .  The reason f o r  t h i s  behavior  i s  t h a t  Figure 
5-14 shows the  a x i a l  power p r o f i l e  a t  t h e  r a d i a l  co re - r e f l ec to r  i n t e r f a c e .  
idhen hydrogen is  introduced i n t o  t h e  r e a c t o r  core ,  r e l a t i v e l y  fewer thermal 
neutrons reach t h e  r a d i a l  edge from t h e  i n t e r i o r  of t he  core because of t he  
presence of hydrogen. The p r o f i l e s  i n  Figure 5-14 a r e  f o r  a  cons tan t  power 
leve l  s o  t h a t  only t h e  r e l a t i v e  changes i n  power shape a r e  shown. The 
t o t a l  change f o r  t he  r e a c t o r  core  en t rance  i s  +17%. 
Figure 5-15 shows the  a x i a l  power d i s t r i b u t i o n s  along t h e  r e a c t o r  
core  c e n t e r ,  The r e a c t o r  core  en t rance  has a  sma l l e r  t o t a l  v a r i a t i o n ,  
t l 4 % ,  b u t  t he  r e s t  of t h e  f i n a l  power shape i s  gene ra l ly  below the  no- 
hydrogen d i s t r i b u t i o n .  Thus t h e  c e n t e r  tends t o  behave i n  t h e  oppos i te  
manner as the  r a d i a l  co re - r e f l ec to r  i n t e r f a c e .  
The r e f l e c t o r  d e n s i t y  and t o t a l  amount of hydrogen i n  t he  r e f l e c t o r  
will. a f f e c t  t he  maximum v a r i a t i o n  i n  s p a t i a l  power shape. Table 5-13 
l i s t s  t he  r e l a t i v e  s p a t i a l  power v a r i a t i o n  a t  t he  r e a c t o r  core en t rance  
f o r  a l l  of t he  r e a c t o r  cases  i n v e s t i g a t e d  i n  t h i s  t h e s i s .  The core 
en t rance  reg ion  has  t h e  l a r g e s t  s p a t i a l  power v a r i a t i o n  because t h e  core  
hydrogen d i s t r i b u t i o n  i s  denses t  t h e r e ,  
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Table 5-13 
Re la t ive  S p a t i a l  Power T i l t i n g  a t  t h e  Reactor Core Entrance 
P = [ P ( A l l  Hydrogen) - P (No Hydrogen) I f  P (No Hydrogen) 
Case 
A, 15 
B,15 
C-15 
D, 15 
E-15 
F,  15 
A,313 
B ,  30 
C,30 
Q P ,  % 
Center 
B P, % 
Core-Reflector Radial  I n t e r f a c e  
I 
A s  can be  seen from Table 5-13, t h e  r e a c t o r s  having r e f l e c t o r s  wi th  
r e f l e c t o r  void f r a c t i o n  4 = 0.30 a r e  l e s s  d e s i r a b l e  than those  with 
I $3 = 0.15 because: (1.) r e f l e c t o r s  w i t h b  = 0.30 have the  l a r g e s t  magni- 
t u d e  of power t i l t ,  52-60%; and (2.)  they a l s o  have the  l a r g e s t  v a r i a t i o n  
o f  power t i l t  ac ros s  t h e  core  en t rance  s e c t i o n .  Previous au thors  (9, 10) 
have assume'd t h a t  t he  neutron f l u x  d i s t r i b u t i o n s  and power d i s t r i b u t i o n s  
can be  taken as  s p a t i a l l y  i n v a r i a n t .  Time dependent models of nuc lea r  
rocket  s t a r t u p  f o r  t h e  compact r e a c t o r s  i n v e s t i g a t e d  i n  t h i s  t h e s i s  might 
have to t ake  i n t o  account t he  power t i l t  shown i n  Table 5-13. No calcu- 
l a t i o n s  were performed t o  eva lua t e  t he  d i f f e r ences  i n  p red ic t ed  r e a c t i v i t y  
change with  and wi thout  power t i l t  adjustment.  
5,4,2 E f f e c t  of a  Non-Uniform Uranium D i s t r i b u t i o n  Upon Hydrogen 
Reac t iv i ty  Worth 
I m p l i c i t  i n  t h e  i n v e s t i g a t i o n  of hea t - t r ans fe r  optimum power p r o f i l e s  
i n  Chapter 4 is  t h e  assumption t h a t  every ca l cu la t ed  power d i s t r i b u t i o n  is  
poss ib l e  t o  cons t ruc t  i n  an a c t u a l  nuc lea r  rocke t  r e a c t o r .  Plebuch (10) -
has  demonstrated t h a t  wi th  a s u i t a b l e  r e f l e c t o r  th ickness  he was ab le  t o  
c a l c u l a t e  s u i t a b l e  uranium d i s t r i b u t i o n s  f o r  s e v e r a l  r e a c t o r  cores  i n  
order  t o  match h i s  "des i rab le"  power d i s t r i b u t i o n s .  However, the  re-  
s u l t s  of Chapter 4 have shown t h a t  e x i s t i n g  t u r b u l e n t  hydrogen h e a t  
t r a n s f e r  c o r r e l a t i o n s  d i f f e r  s u b s t a n t i a l l y  a s  t o  p red ic t ed  optimum power 
shapes.  Consequently, t h e r e  i s  a l a r g e  u n c e r t a i n t y  i n  t h e  exac t  f u e l  
d i s t r i b u t i o n s  which must be  achieved i n  o rde r  t o  ob ta in  maximum nuclear 
rocke t  performance. 
I n  t h i s  chapter  i t  has  been assumed t h a t  t he  hydrogen r e a c t i v i t y  
worth i s  n o t  s e n s i t i v e  t o  l o c a l  d i s t r i b u t i o n s  of uranium. The r e s u l t s  of 
Sec t ion  5.3 show t h a t  t h e  r e a c t o r s  i n v e s t i g a t e d  i n  t h i s  t h e s i s  a r e  very 
- 
f a s t .  The high mean energy of t he  neut rons  causing f i s s i o n ,  Ep, i nd i -  
c a t e s  t h a t  l o c a l  d e t a i l s  of t h e  uranium d i s t r i b u t i o n  a r e  unimportant for 
r e a c t i v i t y  c a l c u l a t i o n s  because of t h e  long mean f r e e  pa th  a t  t h e s e  
ene rg i e s .  The r e s u l t s  of Sec t ion  5.2.3 demonstrate t h a t  t he  c r i t i c a l  
uranium concent ra t ion  and t h e  s p e c i f i c  hydrogen r e a c t i v i t y  worth a r e  
both s t r o n g l y  c o r r e l a t e d  wi th  the  geometr ical  buckl ing,  B ~ .  This is 
i n d i r e c t  evidence t h a t  t h e  hydrogen s p e c i f i c  worth i s  probably dependent 
upon t h e  t o t a l  number of uranium atoms i n  t he  r e a c t o r  system. 
I n  o rde r  t o  determine whether t h e  hydrogen r e a c t i v i t y  worth is 
dependent upon l o c a l  d e t a i l s  of t h e  uranium d i s t r i b u t i o n ,  t he  fol lowing 
r e a c t o r  case  was considered: 
(1) The uniform uranium d i s t r i b u t i o n  f o r  case A.15 was changed s o  
t h a t  t h e  f i r s t  a x i a l  reg ion ,  a t  t h e  r e a c t o r  core  en t r ance ,  3.05 em. Long, 
had e x a c t l y  twice t h e  uniform uranium concent ra t ion  a s  t he  r e s t  of t he  
r e a c t o r  core.  This  f i r s t  a x i a l  reg ion  i s  the  f i r s t  a x i a l  hydrogen region 
l i s t e d  i n  Table 5-2 f o r  case  A. 
( 2 )  The same hydrogen d i s t r i b u t i o n s  a s  used i n  case  A.15 were f u l l y  
p re sen t ,  
(33 Since t h e  a r b i t r a r y  add i t i on  of t h i s  e x t r a  uranium caused t h e  
t o t a l  r e a c t i v i t y  t o  i n c r e a s e ,  t h e  e n t i r e  uranium d i s t r i b u t i o n  was sea led  
down unti l .  k = 1.00 was achieved. A l l  concent ra t ions  were s c a l e d  by 0.942. 
(4)  The t o t a l  r e a c t i v i t y  con t r ibu t ion  from the  r e f l e c t o r  hydrogen 
and the  @ore hydrogen were then ca l cu la t ed .  The r e s u l t s  w e r e b k t r  = 4.19$ 
anddkt, =. 2,73$ which a r e  only a few cen t s  o f f  from the  va lues  l i s t e d  i n  
Tabhe 5-5 f o r  A.15. Therefore i t  was concluded t h a t  hydrogen r e a c t i v i t y  
worth i s  n e a r l y  independent of t he  l o c a l  uranium d i s t r i b u t i o n .  
5,5 R e a c t i v i t y  Losses During S t a r t u p  and Steady-State Operation 
P
5,5,1 Core Radia l  Expansion 
i n  Sec t ion  5 .2 ,3  i t  was shown t h a t  t he  t o t a l  hydrogen r e a c t i v i t y  
con t r ibu t ion  can range from 4.15$ t o  11.29$. During s t a r t u p  t h e  r e a c t o r  
core can a l s o  expand because the  core m a t e r i a l s  i nc rease  i n  temperature.  
ThTs r ep re sen t s  a smal l  change i n  t he  geometr ical  buckl ing and conse- 
quent ly  t h e  neutron leakage. Because these  compact r e a c t o r s  a r e  very  
s e n s i t i v e  t o  neutron leakage,  t h e  e f f e c t  of a sma l l  expansion can be 
s i g n i f i c a n t  i n  terms of r e a c t i v i t y  change. Severa l  cases  were s t u d i e d  
f o r  which t h e  core  r ad ius  was assumed t o  i nc rease  by approximately 1.1% 
due t o  thermal expansion. An expansion AT of 4 1 0 0 " ~  was assumed f o r  
t hese  s e v e r a l  cases  because i t  was found t h a t  approximately a d o l l a r ' s  
worth of r e a c t i v i t y  change was involved--a convenient r e f e rence  va lue .  
From Table 3-3 t he  va lue  of t h e  thermal expansion c o e f f i c i e n t  f o r  t h e  
core 1s taken t o  be  0(= 2.75 x ~ O - ~ / [ ' R ] / .  For a 47  = 4100°R, then 
1.1275 x l o m 2 .  For case A t h i s  meant a change i n  the  core radius 
of 0.303 cm; case B ,  0.340 cm; and case C ,  0.37 cm. A l l  uranium and 
carbon concentrat ions were changed t o  r e f l e c t  t he  volumetric change, 
Table 5-14 l i s t s  the  r e s u l t s  f o r  these  r e a c t i v i t y  changes due t o  core  
thermal expansion. Ext rapola t ing  the  temperature c o e f f i c i e n t s  i n  t h i s  
t a b l e  t o  a 47- = 5000°R gives a t o t a I A  k = -0.78$ f o r  A.30, the  lowes t  
va lue ,  and4 k = -1.45$ f o r  B. 30, t he  h ighes t  value.  Values f o r  thermal 
expansion r e a c t i v i t y  l o s s  c i t e d  i n  the  l i t e r a t u r e  f o r  Rover nuclear  
rocket  r e a c t o r s  a re :  -I$, K i w i  (48) , -1.54$, NRS-A2 (1120MW) (47 )  - , and 
-0.50$, Phoebus-2A (46).  Since the  values i n  Table 5-14 a r e  based upon 
one $ = 0.0064 dk while the l i t e r a t u r e  values a r e  based upon a computed 
k 
Ak delay neutron f r a c t i o n  of one $ = 0.0074 - then the  values i n  Table 
k 
5-11 should be mul t ip l i ed  by a f a c t o r  of 0.865 f o r  comparison. Then 
t h i s  i s  done, a AT= 5000°R core expansion gives A k = 0.67$ t o  1 ,25$  
which compare q u i t e  we l l  with the  l i t e r a t u r e  values.  
5.5.2 Carbon Delet ion 
Hydrogen can r e a c t  corros ive ly  with the  graphi te  i n  the  r e a c t o r  
core channels of a nuclear  rocket .  This r e s u l t s  i n  a l o s s  of carbon 
Table 5-14 
Reac t iv i ty  Change Due t o  Core Thermal Expansion 
AT= 4100°R 
Case 
A. 15 
B .  15 
C.15 
A. 30 
B.30 
C.30 
which can s i g n i f i c a n t l y  l i m i t  t h e  ope ra t ing  l i f e t i m e  of a nuc lea r  rocke t .  
Carbon moderates t h e  neutron spectrum s o  t h a t  l o s s  of carbon r ep resen t s  a 
reactivity l o s s  f o r  t he  system. A s  d i scussed  i n  Sec t ion  5.2.3, carbon 
a l s o  nas some i n e l a s t i c  s c a t t e r i n g  which may change hydrogen's e f f e c t i v e -  
ness  as a moderator. Coating m a t e r i a l s  such a s  niobium carb ide  (26, - - 27)
have seen developed t o  reduce t h i s  hydrogen cor ros ion  t o  t o l e r a b l e  l e v e l s .  
However, values f o r  carbon l o s s  i n  t he  ope ra t ing  Rover nuc lea r  rocke t  re-  
a c t o r s  have n o t  been r epor t ed  t o  d a t e  i n  t he  l i t e r a t u r e .  To gain some 
e s t ima te  of t he  r e l a t i v e  importance of  carbon-related r e a c t i v i t y  l o s s e s ,  
several cas~es were assumed t o  undergo a 3% t o t a l  carbon l o s s  from the  
r e a c t o r  system. Resul t s  of t hese  c a l c u l a t i o n s  a r e  repor ted  i n  Table 5-15. 
S n c e  3% t o t a l  carbon l o s s  r ep re sen t s  unequal amounts of carbon l o s t  when 
smal l  systems a r e  compared t o  l a r g e r  systems, t h e  s p e c i f i c  worth of carbon 
i s  also t abu la t ed ,  A s  Table 5-15 shows, t h e r e  is  a q u a l i t a t i v e  d i f f e r -  
ence In t h e  e f f e c t i v e n e s s  of carbon t h a t  can be compensated f o r  by a 
q u a n t i t a t i v e  inc rease  of l o s t  carbon atoms, j u s t  a s  i n  t he  case  of hydro- 
gen dnscussed i n  Sec t ion  5.2.3. Carbon seems t o  decrease i n  s p e c i f i c  
worth in t h e  same manner a s  hydrogen; t h a t  is ,  the  presence of uranium 
may i nc rease  carbon's e f f e c t i v e n e s s .  On t h e  o t h e r  hand, because carbon 
Table 5-15 
R e a c t i v i t y  Loss Due t o  Carbon Dele t ion  
3% t o t a l  carbon l o s s  
Case 
- b k  [ $ I  1Qk [ $ / K ~ c I  
A. 15 -0,85 -0.3077 
B.15 -1.04 -0.2161 
A. 30 -0,87 -0.3150 
B. 30 -1.09 -0,2265 
has  i n e l a s t i c  s c a t t e r i n g  i n  t h e  h i g h e s t  energy group (37) - i t  may be that 
p a r t  of t he  s p e c i f i c  worth decrease f o r  case  B versus  case  A may be due t o  
decreas ing  e f f e c t i v e n e s s  of t h e  hydrogen t h a t  i s  p re sen t  i n  t h e  two cases ,  
I n  any even t ,  l o s s  of carbon can s i g n i f i c a n t l y  decrease r e a c t i v i t y  
i f  cor ros ion  i s  n o t  prevented. MacMillian (49) r e p o r t s  t h a t  unprotected 
carbon can be  corroded by 5000°R hydrogen a t  t he  r a t e  of 1000 mg/cm2/5 mine 
For case  A ,  one r e a c t o r  core  channel has  46.22 cm2 s u r f a c e  a rea  and f o r  
2  case B ,  a  r e a c t o r  core  channel has  51.07 cm s u r f a c e  a rea .  Using the 
ca l cu la t ed  va lues  f o r  A.15 and B.15 i n  Table 5-15, then one core channel 
f o r  case A l o s e s  2.84 x 10-~$/min  and one core  channel f o r  case B l o s e s  
2.21 x 10-~$/min .  Table 4-7 shows t h a t  t ne  t o t a l  number of channels ,  N, 
f o r  t hese  r e a c t o r  cores  a r e  N(A) = 27,164 and N(B) = 27,323. Therefore,  
unprotected r e a c t o r  core  channels would mean a  l o s s  of 77.15$/min f o r  
case  A.15 and 60.38$/min f o r  case  B.15! This  is  a tremendous r a t e  of 
r e a c t i v i t y  decrease.  Nuclear rocke ts  may be requi red  t o  t h r u s t  con- 
t i nuous ly  f o r  60 minutes (12, 3). For a  designed carbon r e a c t i v i t y  
l o s s  o f ,  s ay  5$ (provided by excess  uranium a t  s t a r t  of t h r u s t i n g ) ,  then 
a 60 minute ope ra t ing  l i f e  would r e q u i r e  t h a t  cor ros ion  be r e s t r i c t e d  t o  
l e s s  than 0.10 - 0.14% of t he  unprotected cor ros ion  r a t e .  However, t h i s  
e s t i m a t e  cannot be  compared wi th  t h e  a c t u a l  Rover nuc lea r  rocke t  r e a c t o r s  
s i n c e  no carbon d e l e t i o n  r a t e s  have been r epor t ed  i n  t he  a v a i l a b l e  l i t -  
e r a t u r e .  
5.6 Nuclear Resul t s  Summary 
-
For the  nuc lea r  rocke t  r e a c t o r s  i n v e s t i g a t e d  i n  t h i s  t h e s i s ,  t he se  
nuc lea r  c h a r a c t e r i s t i c s  have been ca l cu la t ed :  
(1) T o t a l  hydrogen r e a c t i v i t y  con t r ibu t ion  from the  r e f l e c t o r  
hydrogen can be  s e v e r a l  t imes the  t o t a l  con t r ibu t ion  from t h e  core hydro- 
gen. Reactor r e f l e c t o r s  wi th  t h e  l a r g e s t  r e f l e c t o r  void f r a c t i o n s  have 
the l a r g e s t  t o t a l  hydrogen con t r ibu t ion .  Table 5-5 l is ts  these  va lues .  
The range repor ted  is:  ( a ) A k t r  = 1.79$ - 8.18$, ( b ) A k t c  = 2.36$ - 
4 , 6 3 $ ,  (c )  A k = 4.15$ - 11.26$, wheredk t r  = t o t a l  r e a c t i v i t y  worth f o r  
reflector hydrogen ,bktc  = t o t a l  r e a c t i v i t y  worth f o r  core  hydrogen, 
and4 k = b k t r  f b kt=.  The core  va lues  compare w e l l  wi th  va lues  c i t e d  
i n  t he  l i t e r a t u r e  (46, 47, 48) .  
- - -
( 2 )  The c r i t i c a l  masses ca l cu la t ed  f o r  t hese  r e a c t o r s  f a l l  i n t o  
the range 66Kg - 254 Kg, w i th  t h e  except ion of t he  "pancake" configura- 
t i o n  which has  a c r i t i c a l  mass of 737 Kg. The r e a c t o r s  wi th  l a r g e r  re- 
f l e e t a r  void f r a c t i o n s  i n c u r  a 30% c r i t i c a l  mass disadvantage.  These 
critical masses a r e  a l l  lower than the  300 Kg c i t e d  f o r  t he  Phoebus-2A 
r e a c t o r  (46) ,  - However, t he  Phoebus-2A r e a c t o r  i s  repor ted  t o  have a 
large  amount of r e a c t i v i t y  t i e d  up i n  niobium which was no t  i n v e s t i g a t e d  
i n  this t h e s i s .  The c r i t i c a l  mass va lues  ca l cu la t ed  i n  Sec t ion  5.2.2 
are given i n  Table 5-4. 
(3) The c r i t i c a l  uranium concent ra t ion  and s p e c i f i c  hydrogen 
r e a c t i v i t y  worths [ $ / K ~ H ~ ]  e x h i b i t  very  d e f i n i t e  t rends  when p l o t t e d  
agairast geometr ical  buckl ing.  Severa l  s t r a i g h t - l i n e  curve f i t s  f o r  
- 
Bk and. bTtr were der ived:  
where 4ktr = s p e c i f i c  worth of r e f l e c t o r  hydrogen, AT = s p e c i f i c  worth of 
a l l  of t h e  r e a c t o r  hydrogen, and $= r e f l e c t o r  vo id  f r a c t i o n .  These 
cu rve - f i t s  could e l i m i n a t e  ex t ens ive  multigroup c a l c u l a t i o n s  i n .  t h e  future 
when f a i r l y  accu ra t e  e s t ima te s  a r e  needed of hydrogen r e a c t i v i t y  worth,  
(4) Because c r i t i c a l  uranium concent ra t ion  and hydrogen s p e c i f i c  
r e a c t i v i t y  worth a r e  both s t r o n g l y  c o r r e l a t e d  wi th  B ~ ,  and thus in-  
d i r e c t l y  c o r r e l a t e d  wi th  each o t h e r ,  i t  i s  concluded t h a t  the  t rends  
shown i n  Figure 5-6 a r e  t h e  r e s u l t  of hydrogen becoming more e f f e c t i v e  
a s  a  neutron moderator when i n  t h e  presence of an i n e l a s t i c  s c a t t e r e r ,  
such a s  uranium. Experimental evidence concerning neutron age i n  
water-uranium systems (2) confirms t h i s .  
(5) The t o t a l  r e a c t i v i t y  worth of hydrogen i n  t h e  r e f l e c t o r  of  
a  r e a c t o r  wi th  a  f i x e d  core  s i z e  is  d i r e c t l y  p ropor t iona l  t o  the  average 
hydrogen concent ra t ion  i n  t he  r e f l e c t o r .  This  i s  shown i n  Figure 5-7. 
The s p e c i f i c  worth of hydrogen i s  a l s o  a f f e c t e d  by the  dens i ty  of 
bery l l ium i n  the  r e f l e c t o r .  
(6) The neut ron  energy s p e c t r a  f o r  t hese  compact r e a c t o r s  a r e  
very f a s t  wi th  t he  mean energy of t he  neutron causing f i s s i o n  being in t he  
range 62KeV - 540KeV. These va lues  a r e  l i s t e d  i n  Table 5-12. 
(7) Per tu rba t ions  i n  t h e  s p a t i a l  power shape can be very l a r g e  a t  
t he  core  en t rance .  Values f o r  t he  power tilt a r e  repor ted  i n  Table 5-13 
and a r e  i n  t h e  range 9% - 61% f o r  t he  r e a c t o r  cases  i n  t h i s  t h e s i s .  
Re f l ec to r s  having t h e  l a r g e s t  r e f l e c t o r  void f r a c t i o n ,  and the re fo re  
t h e  l a r g e s t  amount of hydrogen, cause the  l a r g e s t  s p a t i a l  power t i l t ,  
(8) The r e a c t i v i t y  worth of hydrogen was found t o  be n e a r l y  in-  
dependent of l o c a l  uranium d i s t r i b u t i o n s  when one s p e c i f i c  case  was 
210, 
examined, This i s  repor ted  i n  Sec t ion  5.4.2. 
(9)  Reactor core  thermal expansion can cause a l o s s  of r e a c t i v i t y .  
The va lues  ca l cu la t ed  a r e  -1.561 x t o  -2.902 10-4 [$/OR] and a r e  
repor ted  i n  Table 5-14, These agree w e l l  wi th  va lues  c i t e d  i n  t h e  lit- 
e r a t u r e  (46, - 47, - 48).  
(LO) Carbon l o s s  by hydrogen cor ros ion  can cause very  s i g n i f i c a n t  
r e a c t i v i t y  l o s s e s .  Values ca l cu la t ed  a r e  i n  t h e  range -0.2161 [$/KgC] 
t o  -0.3150 [$/KgC] and a r e  l i s t e d  i n  Table 5-15. No comparisoh wi th  
l i t e r a t u r e  va lues  can b e  made. It i s  es t imated  t h a t  r e a c t o r  core  channels 
must  reduce hydrogen cor ros ion  t o  approximately 0.10% of t h e  unprotected 
hydrogen cor ros ion  r a t e  on g raph i t e .  
6 .  Conclusions and Recommendations f o r  Fur ther  Study 
These conclusions have been reached a s  a r e s u l t  of t h e  c a l c u l a t i o n s  
i n  Chapters 4 and 5: 
(1) The p red ic t ed  heat-transfer-optimum power p r o f i l e  depends 
very s t r o n g l y  upon the  mathematical form of t h e  hea t - t r ans fe r  c o r r e l a t i o n  
used. Therefore,  t he  d e t a i l e d  uranium d i s t r i b u t i o n  necessary  f o r  
optimum nuc lea r  rocke t  performance cannot be  r e l i a b l y  determined, 
However t h e  optimum r e a c t o r  core  dimensions and I s p  a r e  r e l a t i v e l y  
i n s e n s i t i v e  t o  t h e  form of t h e  h e a t - t r a n s f e r  c o r r e l a t i o n  used. 
( 2 )  For such compact nuc lea r  rocke t  r e a c t o r s ,  t h e  r e a c t i v i t y  
worth of hydrogen i n  t h e  r e f l e c t o r  can be  s i g n i f i c a n t l y  g r e a t e r  than 
t h e  r e a c t i v i t y  worth of hydrogen i n  the core.  
( 3 )  The t o t a l  worth of r e f l e c t o r  hydrogen i s  d i r e c t l y  
p ropor t iona l  t o  t he  average hydrogen concent ra t ion  i n  t h e  r e f l e c t o r ,  
(4) Very d e f i n i t e  c o r r e l a t i o n s  wi th  B2 have been demonstrated 
f o r  c r i t i c a l  uranium concent ra t ion  and hydrogen r e a c t i v i t y  worth, 
These t r ends  could be very  u s e f u l  i n  f u t u r e  opt imiza t ion  s t u d i e s  
s i n c e  an accu ra t e  e s t ima te  of c r i t i c a l  mass and t o t a l  hydrogen 
r e a c t i v i t y  worth can be had without  ex t ens ive  multigroup  calculation^, 
For t h e  r e a c t o r s  i n  t h i s  t h e s i s ,  t h e  s m a l l e s t  r e a c t o r  cores  have the  
h i g h e s t  I s p ,  h i g h e s t  c r i t i c a l  mass, and lowest t o t a l  hydrogen worth, 
(5) Pancake (low flow r a t e )  r e a c t o r  cores  s u f f e r  two s e r i o u s  
disadvantages i n  comparison wi th  "square" cores:  (a )  g r e a t l y  increased  
core r ad ius  and (b) g r e a t l y  increased  c r i t i c a l  mass. 
( 6 )  Inc reas ing  t h e  r e f l e c t o r  void f r a c t i o n  f o r  a given s i z e  
r e a c t o r  core  has t h r e e  disadvantages:  ( a )  c r i t i c a l  mass i nc reases ,  
(bS t o t a l  hydrogen r e a c t i v i t y  worth inc reases ,  and (c) s p a t i a l  power 
t i l t i n g  inc reases .  
This i n v e s t i g a t i o n  i s  c e r t a i n l y  only a t e n t a t i v e  s t a r t  toward 
a complete opt imiza t ion  of a sol id-core nuc lea r  rocke t  system. 
Severa l  a r eas  of f u r t h e r  research  sugges t  themselves: 
(1) Because t h e  r e f l e c t o r  hydrogen worth can be  a major 
con t r ibu t ion  t o  t h e  t o t a l  hydrogen r e a c t i v i t y ,  t he  r e f l e c t o r  steady- 
state hydrogen d i s t r i b u t i o n  should be  examined i n  g r e a t e r  d e t a i l .  
This  would involve  an accu ra t e  de te rmina t ion  of gamma h e a t i n g  i n  t h e  
r e f l e c t o r  and the  rocket  nozz le ,  
( 2 )  The e f f e c t  of neut ron  absorbers  i n  t h e  r e f l e c t o r  upon 
hydrogen worth should be s tud ied .  Present  NERVA r e a c t o r s  have 
r o t a t i n g  poison p l a t e s  (27) in t h e  r e f l e c t o r  f o r  c o n t r o l .  L i t t l e  
( 9 )  - has shown t h a t  a uniformly d i s t r i b u t e d  poison i n  t h e  r e a c t o r  
core w i l l  reduce t h e  worth of an e x t e r n a l  c o n t r o l  system by competing 
f o r  neutrons t h a t  would otherwise have leaked out  of t he  core.  
(3) Only one r e f l e c t o r  th ickness  was used i n  t h i s  s tudy.  
The e f f ec t  of o t h e r  th icknesses  upon t h e  hydrogen r e a c t i v i t y  worth 
should b e  examined s i n c e  i t  has been demonstrated t h a t  t he  amount 
of bery l l ium has  an e f f e c t  upon the  e f f e c t i v e n e s s  of hydrogen. 
(4) Throughout t h i s  s tudy ,  d i f f u s i o n  theory has  been assumed, 
A t  t h e  high ene rg i e s  found f o r  t h e  neutron s p e c t r a  of t hese  r e a c t o r s ,  
t h i s  i s  n o t  e x a c t l y  v a l i d .  Transport  c a l c u l a t i o n s  should be made t o  
check t h e  v a l i d i t y  of t hese  r e s u l t s .  
(5) And f i n a l l y ,  i t  would appear t h a t  optimum nuc lea r  rocke t  
s t a r t - u p  could be accu ra t e ly  s imulated wi thout  recourse  t o  ex tens ive  
multigroup c a l c u l a t i o n s  by use of t h e  B~ c o r r e l a t i o n s  and o t h e r  
r e s u l t s  i n  Chapter 5.  For i n s t a n c e ,  t h e  in f luence  of hydrogen flow 
pe r tu rba t ions  upon core thermal power could use  t h e  r e s u l t  t h a t  
Aktr  is d i r e c t l y  p ropor t iona l  t o  hydrogen average concent ra t ion .  
The r e a c t o r  core  expansion m con t r ac t ion  i n  response t o  changes 
- 
i n  power l e v e l  could be  represented  a s  A K  changes i n  hydrogen 
-- 
worth a s  shown i n  the  c o r r e l a t i o n s  of BZ with  AK, Aktr ,  and 
x. In o t h e r  words, f o r  t r a n s i e n t  ana lyses ,  one could use 
these  s t eady- s t a t e  d e n s i t y  and expansion c o e f f i c i e n t s  of r e a c t i v i t y ,  
. A Simpl i f ied  Analysis  of Three Power P r o f i l e s  
An approximate a n a l y s i s  of t h r e e  a x i a l  power p r o f i l e s :  (1) Linear- 
decreasing, (2) Cosine, and (3) Uniform (cons t an t ) ,  w i l l  i l l u s t r a t e  t he  
advantages of shaping t h e  a x i a l  power along a nuc lea r  rocke t  r e a c t o r  channel 
i n  order t o  sho r t en  t h e  requi red  l eng th  f o r  a given des i r ed  e x i t  temp- 
e r a t u r e  or t o  i nc rease  t h e  achievable  e x i t  temperature f o r  a f i xed  
charrnel length .  The equat ion  r e l a t i n g  the  maximum w a l l  temperature,  
4fL to t h e  parameter y = c. where f  = average Fanning f r i c t i o n  
D 
factor along t h e  channel ,  LC = t o t a l  channel l eng th ,  and D = channel 
hydraulic diameter ,  w i l l  be  der ived  i n  d e t a i l  f o r  t h e  Linear-decreasing 
power p r o f i l e  and t h e  corresponding r e l a t i o n s  f o r  t h e  o t h e r  two power 
shapes w i l l  only be  s t a t e d .  
The r e a c t o r  core  coolant  channel may be taken t o  be a hollow rod ,  
coo:!ed a t  t h e  i n s i d e  r ad ius  a s  shown i n  Figure 3-1. A "Linear-decreasing" 
power p r o f i l e  is  given by Equation (A.l):  
where x = a x i a l  d i s t a n c e  from t h e  core  channel en t rance .  An energy ba lance  
alor:~g the coolant  channel w i l l  r e l a t e  t h e  i n c r e a s e  i n  bulk  coolant  temp- 
erature, T ,  t o  t h e  power produced i n  t h e  coolant  channel w a l l :  
where w = mass flow r a t e  per  channel ,  cp = s p e c i f i c  h e a t ,  and AF = cross  
sectional a r e a  of t h e  r e a c t o r  core  channel occupied by the  nuc lea r  f u e l .  
Sybs t i t u t i n g  Equation (A. 1 )  i n t o  Equation (A. 2) and i n t e g r a t i n g  gives 
Equation (A. 3) : 
where To = bulk  coolant  temperature a t  t he  channel en t rance .  The channel 
coolant  e x i t  temperature,  Te, is  found by s e t t i n g  x = LC i n  Equation (8 .3)  
and normalizing Equation (A.3) w i l l  g ive a more u s e f u l  form, Equation 
(A.3.1): 
F o u r i e r ' s  law a t  any channel p o s i t i o n  gives Equation (A,4): 
where Tw = w a l l  temperature and h = h e a t  t r a n s f e r  c o e f f i c i e n t .  Using 
Reynold's Analogy between f r i c t i o n  and h e a t  t r a n s f e r :  
where p = coolant  bu lk  d e n s i t y  and v = coolant  v e l o c i t y ,  and s u b s t i t u t i n g  
Equations (A.3) and (A.3.1) i n t o  Equation (A.4) one f i n d s  t h e  normal ized 
w a l l  temperature d i s t r i b u t i o n ,  Equation (A.6): 
(A, 6 )  
where y = 4 £LC. 
-
D 
The maximum w a l l  temperature,  TWMAX, occurs  a t  x* such t h a t  
d (Tw - To) = -IL:;*) - 4 = 0 (A-7) 
dx Te - To YLC 
which e a s i l y  y i e l d s  
I f  y ( 2 then  x* from Equation (A.8) i s  ou t s ide  t h e  channel 
length and the  maximum w a l l  temperature occurs  a t  x* = 0 ,  t h e  channel 
entrance. S u b s t i t u t i n g  back i n t o  Equation (A.6) and i n v e r t i n g  s o  
that the  channel e x i t  temperature,  Te, is expressed i n  terms of 
I?XP..U, T o ,  and y ,  gives Equations (A.9.1) and (A.9.2) : 
Linear-decreasing: Te-To = 1 , ( ~ 3 2 >  (A.9.1) 
TWMAX-T 0 1+4 Iy2 
Linear-decreasing: Te-To =Y , (Y < 2 )  (A.9.2.) 
TWMAX-T 0 4 
S i m i l a r l y  t h e  r e l a t i o n s h i p s  f o r  a cos ine  power p r o f i l e ,  
P (x) = Po2Cos (112 - x) , and a uniform power p r o f i l e ,  
Lc 
P ( x )  = P o  can be  derived and a r e  given i n  Equations (A.lO) and 
3 P 
Cosine : Te-T o - 
( 1  + q ~ j ' ~ "  (A. 10) TWMAX-T 0 
1 9 ( a l l  Y) 
Uniform : Te-To = 1 + 2 / y  
TWMAX-T o 
(A, 11) 
Notice t h a t  t h e  maximum power d e n s i t i e s  Po1, PO2,  Po3 f o r  each 
p a r t i c u l a r  p r o f i l e  a r e  n o t  i d e n t i c a l  and w i l l  be  determined by 
TWMAX through Equations (A. 4) and (A.  3) . 
Table A-1 compares Te-To f o r  t hese  3 power shapes,  assuming 
TWMAX and To a r e  t h e  same f o r  a l l  power shapes and 
L inea r l cos ine  = Equation (A.9.1) o r  (A.9.2) and 
Equation (A.lO) 
Linear/Uniform = Equption (A.9.1) o r  (A.9.2) 
Equation (A. 11) 
Table A-1 
Comparison of Te-To f o r  3 Power P r o f i l e s  
It i s  apparent  from Table A-1 t h a t  f o r  va lues  of y > 2 and 
o n l y  a l i m i t e d  w a l l  temperature c o n s t r a i n t ,  t he  Linear-decreasing 
power p r o f i l e  w i l l  a l low h ighe r  channel e x i t  temperatures than 
e i t h e r  t h e  Cosine o r  Uniform power p r o f i l e s .  The Linear-decreasing 
p r o f i l e  'has i t s  maximum power d e n s i t y  a t  t h e  channel en t rance  
where the coolant  temperature i s  lowest.  Values of y ) 2 
p lace  the  p o s i t i o n  of maximum w a l l  temperature beyond t h e  channel 
en t rance  as Equation (A. 8) shows, and t h e r e f o r e  Table A-1 i l l u s t r a t e s  
that when t h e  p o s i t i o n  of t he  maximum wa l l  temperature i s  n o t  a t  
the  channel en t r ance ,  then i t  i s  more e f f i c i e n t  t o  add t h e  maxi- 
mum h e a t  t o  t h e  coolant  a t  t he  coo lan t ' s  lowest  temperature.  
Thls r e s u l t  i s  confirmed by t h e  d e t a i l e d  numerical i n v e s t i g a t i o n  
repor ted  i n  Chapter 4. For p r a c t i c a l  nuc lea r  rocke t  f r i c t i o n  
f a c t o r s ,  channel l eng ths ,  and channel hydrau l i c  d iameters ,  t h e  
value of y w i l l  indeed b e  g r e a t e r  than 2 .  For example, f o r  
f - 5 x D = 0 .1  i n . ,  and LC = 2.0 f t .  ( r e p r e s e n t a t i v e  nuc lea r  
rocke t  parameters from Chapter 4 ) ,  then y = 4.8. 
Equations (A.9.1), (A.9.2), (A.10), and (A. l l )  can a l s o  be 
used t o  show t h a t  t h e r e  can be  a t rade-off  between h igh  I s p  and 
s h o r t  channel length .  Assume TWMAX = 5000°R, To = 300°R, D = 0 .1  i n . ,  
and f = 5 x 1 0 ~ ~  and t h a t  t he  e x i t  temperature,Te = 4500°R,is 
des i r ed ,  The fol lowing channel l eng ths  a r e  required:  
LC (A.9.1) = 2.42 f t . ,  LC (A.lO) = 3.59 f t . ,  and LC (A. l l )  = 
7 .OO f  t. I f  t h e  channel l eng th  is f ixed  i n s t e a d  a t  LC = 2.42 f r , , 
then y = 5.808 and Te (A.9) = 4500°R, Te (A.lO) = 4100°R, and 
Te (A . l l )  = 3800°R. Table A-1 shows t h a t  t h e  Linear-decreasing 
power p r o f i l e  w i l l  always be s u p e r i o r  t o  t h e  o t h e r  two power 
shapes.  I f  the  e x i t  temperature Te = 4990°R had been d e s i r e d  
i n s t e a d ,  t h e  requi red  channel lengths :  Lc(A.9.1) = 18.6 f t . ,  
LC (A.lO) = 292.7 f t . ,  and LC (A. l l )  = 416.7 f t .  i n d i c a t e  t h a t  
even the  f i x e d  l i n e a r  shape can r e q u i r e  exces s ive ly  long channel 
l eng ths .  For t he  TWMAX c o n s t r a i n t  a lone ,  an optimum power p r o f i l e  
t h a t  is  s teeper - than- l inear  i s  needed t o  f u r t h e r  reduce t h e  channel 
length .  O f  course,  t h i s  simple a n a l y s i s  cannot a l low f o r  s t r e s s  
and fue l - cen te r l i ne  c o n s t r a i n t s  which i s  the  s u b j e c t  of Chapters 
3  and 4. 
Appendix B. The S t r e s s  Model and Der iva t ion  of t he  
S t r e s s  Rela t ionships  
The model f o r  thermal s t r e s s e s  used i n  t h i s  t h e s i s  is  
i d e n t i c a l  t o  t he  model commonly used i n  nuc lea r  rocke t  hea t -  
t r a n s f e r  ana lyses ,  (6 ,  - - 9 ,  - 44, - 45).  The fol lowing assumptions 
apply: 
(1) The flow channel equ iva l en t  c e l l ,  Figure 3-1, is  a 
ho l low c y c l i n d r i c a l  rod which is  cooled a t  i ts  i n n e r  r ad ius ,  a ,  
by  a gas a t  p re s su re  P (x) ; t 
( 2 )  The c e l l  i s  thermally i s o l a t e d  from neighboring c e l l s  
by r e q u i r i n g  t h a t  = 0 a t  t h e  o u t e r  r a d i u s ,  r o ,  where TF(r) = 
d r  
i n t e r n a l  f u e l  temperature ; 
( 3 )  Steady-s ta te  conduction e x i s t s ;  
(4)  The power dens i ty ,  P ,  i n  t h e  channel w a l l s  v a r i e s  
a x i a l l y  b u t  n o t  r a d i a l l y ;  
(5) There i s  no a x i a l  h e a t  conduction i n  t he  channel w a l l ;  
( 6 )  The channel l eng th  is  much l a r g e r  than t h e  channel 
outer diameter s o  t h a t  t h e  formulas f o r  p l a i n - s t r a i n  apply. 
Equation (B.  1) de f ines  t h e  r a d i a l  temperature d i s t r i b u t i o n  
that e x i s t s  i n  t h e  channel w a l l  a t  p o s i t i o n  x 
where Tw = w a l l  temperature a t  r = a ,  i nne r  r ad ius ,  k = thermal 
conduc t iv i ty  of t h e  f u e l ,  and P = power d e n s i t y  a t  a x i a l  p o s i t i o n  
x (uniform r a d i a l l y ) .  The compbnents of s t r e s s  a t  any r ad ius  
r may be  der ived  from Equation (B. l)  and the  p l a i n - s t r a i n  r e l a t i o n s  
r e f e r r e d  t o  i n  assumption (6 )  above. However, s i n c e  t h e  maximum 
s t r e s s  occurs  a t  t h e  inne r  r ad ius  (9 ,  - 45) t he se  components a r e  
eva lua ted  a t  r = a :  
maximum a x i a l  s t r e s s  = 4= (2E) (P) I ro4 ln ( ro / a )  - ( (13.2) 
1-p 2k ro2-aL 
maximum azimuthal  s t r e s s  =C= 
e r 7 
and the  maximum r a d i a l  s t r e s s  = = -$, (B + 4 )  
where 2 ,  E ,  and 2 a r e  m a t e r i a l s  p r o p e r t i e s  def ined  and l i s t e d  i n  
Table 3-3. Defining Fo and F by the  fol lowing equat ions:  1 
then Equations (B.2) and B.3) a r e  more convenient ly expressed as:  
where the r e l a t i o n  between i n n e r  and o u t e r  r ad ius ,  Equation (B.7) 
has been used: 
(B.7) 
m d  77 = core void f r a c t i o n .  
When Equations (B. 2.1) , (B. 2.2) , and (B. 4 )  a r e  s u b s t i t u t e d  
i n t o  the  root-mean-squared s t r e s s  r e l a t i o n ,  Equation (3.10): 
2 2 and max, (J- (x) s e t  equal  t o  S , then inve r s ion  of t he  Equation 
(3.10) w i l l  r e s u l t  i n  Equation (3.10.2):  
Appendix C.  Der iva t ion  of t he  Rocket Nozzle Throat  Area 
The nozz le  t h r o a t  a r e a  i s  der ived  i n  t h i s  t h e s i s  under t h e  
assumption t h a t  only simple a r e a  change i s  involved and t h a t  
t h e r e  i s  no f r i c t i o n  o r  hea t - t r ans fe r  i n t o  t h e  gas flow. The 
usua l  t reatment  of one-dimensional compressible f l u i d  flow is  
covered ex tens ive ly  i n  Shapiro (a) and only those  r e s u l t s  p e r t a i n i n g  
t o  converging-diverging rocket  nozz les  a r e  presented  he re .  The 
in f luence  c o e f f i c i e n t  f o r  s imple a r e a  change expressed i n  terms of 
t h e  mach number (41, p. 231),  M, r e l a t e s  r e l a t i v e  a r ea  change, 
dA, t o  r e l a t i v e  mach number change, dM2 , i n  Equation (C. l) :  
-
A 3 
where y = r a t i o  of s p e c i f i c  h e a t s  = Cp/Cv, and M = mach 
number = v e l o c i t y  of gas d iv ided  by the  speed of sound a t  the 
same temperature,  T. The 1 - M2 i n  t he  denominator of t h e  in f luence  
c o e f f i c i e n t  i n  Equation ((2.1) means t h a t  dM2 0 f o r  two 
s i t u a t i o n s :  (1) M2 ( 1 and dA < 0 ,  and (2) M~ ) 1 and 
dA ) 0. I n  t he  converging s e c t i o n  of a rocke t  nozz le  dA ( O 
so  subsonic flow (M2 < 1 )  w i l l  b e  acce l e ra t ed .  I n  t h e  d iverg ing  
s e c t i o n  of a rocke t  nozz le ,  dA 3 0 and supersonic  flow (x2 ) 1)  
w i l l  be  acce l e ra t ed .  Therefore ,  a converging-diverging rocket  
nozz le  w i l l  cont inuaus ly  a c c e l e r a t e  i n i t i a l l y  subsonic flow t a  
supersonic  flow, thus  producing very  h igh  e x i t  v e l o c i t i e s ,  Ve, 
I 
provided t h a t  a  s o n i c  cohdi t ion  (M2=1) i s  maintained a t  t h e  nozz le  
I$ t h r o a t a '  a r ea .  The minimum a r e a  i n  t h e  nozzle  is  t h e  t h r o a t  a r ea .  
Equation (C.1) may be  i n t e g r a t e d  wi th  t h e  ~ ~ = 1  throac  
condition and Equation (C.2) de f ines  t h e  nozz le  t h r o a t  a rea :  
Y +/ 
A$ = M ~ ~ A ~ ~  Y-1 
(C.2) 
where AT = nozzle  t h r o a t  a r e a ,  A o =  i n i t i a l  subsonic en t rance  a rea ,  
and M o =  en t rance  subsonic mach number. Thus, t h e  l a r g e r  t he  
nuc lea r  r e a c t o r  e x i t  gas v e l o c i t y ,  t h e  b igger  t he  nozz le  t h r o a t  
area,  Two c o r r e l a t i o n s  from Sams' paper ( 21 ,  Equation (C.3): 
where Wn,d.s = weight of t he  nozzle  d iverg ing  s e c t i o n ,  ( l b )  
DT = t h r o a t  diameter ( f t ) ,  PC = nuc lea r  r e a c t o r  e x i t  p re s su re  
(L), 
Dex = diameter of t h e  d iverg ing  cone e x i t  a r e a ,  C1 = 0.147, 
- 4 C p  z 2.68 x 10 , and C3 = 1 . 1 7 ~ 1 0 - ~ ;  
and Equation (C. 4) ; 
Wn.c.s. = P '7T PcDr 
m ( ~ ~ 2  - D 2, Y T ( C . 4 )  1152 s i n  3 0 D  
where Wn.c.s. = weight of t h e  nozz le  converging s e c t i o n ,  (30' cone) 
Pm = d e n s i t y  of converging cone m a t e r i a l ,  ( l b / f  t3)  
CT= t e n s i l e  s t r e n g t h  of t he  m a t e r i a l ,  ( l b / f t 2 )  
Dr = t o t a l  r e a c t o r  core  p lus  r e f l e c t o r  diameter ;  
allowed a weight e s t ima te  t o  be  made f o r  t h e  converging-diverging 
nozz les  f o r  t hese  optimum cores .  An a r e a  r a t i o  f o r  t he  d iverg ing  
s e c t i o n  was assumed t o  be 100. which corresponds t o  a nozz le  
e f f i c i e n c y  ( see  Equation (2.5) i n  Sec t ion  2.1,  t h e  d e f i n i t i o n  
of I s p )  of 9 c = 0.82, and the  p r o p e r t i e s  of s t a i n l e s s  s t e e l  
were assumed s o  t h a t  Pm = 0.28 1b / in3  (0.484 l b / f t 3 )  and CT. = 
40,000 p s i  (5.76 x l o6  1 b / f t 2 ) .  For t h e  cases  i n  Table 4-7, 
w = 1.013x10-~ lbm/s/channel,  D = 0 .1  i n . ,  Po = 1200 p s i a ,  
To = 400°R, and 7 )  = 0.3 t o  0.6 which have r e a c t o r  core  r a d i i  
vary ing  from 1.30 f t .  t o  0.89 f t . ,  r e s p e c t i v e l y ,  and nozz le  
a r eas  approximately around 1.27 f t 2 ,  t he  weight e s t ima te s  us ing  
Equations (C.3) and (C.4), were i n  t h e  narrow range 570 t o  460 
l b s  i n  t h a t  order .  Therefore i t  i s  concluded t h a t  t he  weight 
pena l ty  of t he  rocke t  nozzle  i s  of smal l  r e l a t i v e  importance 
t o  t h e  mission weight.  
: Material Densities and Nuclear Constants 
Table D-1 
Material Densities* (43) 
Carbon 3 p = 1.70 (g/cm ) 
Beryllium p = 1.85 (g/cm3) 
Uranium p =18.95 (g/cm3) 
*Densities reported are for a solid fraction of unity. 
Table  D-2 
Mul t igroup Nuc lea r  C o n s t a n t s  
(From ANL-5800 (37) ) 
Energy 
Group 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
1 3  
1 4  
15 
16 
Neutron Le thargy  
Energy Range 
1 
3- MeV 
1.4- 3 MeV 
0.9-1.4 MeV 
0.4-0.9 MeV 
0.1-0.4 MeV 
0.55- 3 KeV 
Average Neutron 
V e l o c i t y ,  l o 8  cm/sec 
28.5 
19 .9  
14 .7  
11.0 
6 .7  
2.70 
1.14 
0.480 
0.206 
F i s s i o n  
*This deno tes  t h e  f r a c t i o n  o f  f i s s i o n  n e u t r o n s  which a r e  born  into 
t h a t  energy  group. 
(Table 
Cross s e c t i o n s  i n  
D-2 Continued) 
ba rns ,  1 barn = 1 0 - ~ ~ c r n 2  
HI (Table D-2 Continued) 
230. 
(Table D-2 Continued) 
Group 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
(Table D-2 Continued) 
c12 
Appendix E .  Nomenclature 
2 
%oz, = converging-diverging rocket  nozz le  t h r o a t  a r e a  [ f t  1 
2 
A, = converging-section i n l e t  a r e a  f o r  nozz le  [ f t  ]  
2  
A~ = rocke t  nozz le  t h r o a t  a r e a  [ f t  ]  
B ' = geometr ical  buckl ing [cmM2] 
C/U = c a r b o n - t o - ~ r a n i u m ~ ~ ~  r a t i o  
C s t  = prope l l an t  tankage weight-scal ing c o e f f i c i e n t  [ Ibm ]2/3  cu. f t  
c = s p e c i f i c  h e a t  of p rope l l an t  [ f t  - I b f ]  P lbm - O R  
- 
e = average s p e c i f i c  h e a t  of p rope l l an t  [ f t  - l b f ]  
13 lbm - O R  
D = channel hydrau l i c  diameter  [ f t ]  
l3 0 = o u t e r  diameter of flow channel equiva len t  c e l l  [ f t ]  
D = core  diameter [ f t ]  42 
1 3 ~  = nozzle  t h r o a t  diameter [ f t ]  
D = e x i t  diameter of diverging-sect ion of rocke t  nozz le  [ f t ]  
ex 
E = Young's modulus of e l a s t i c i t y  [ p s i a ]  
E- = mean neut ron  leakage energy [KEV] 
L 
P = mean neutron product ion energy [KEV] 
- 
Ei = neutron group average energy [KEV] 
F = t o t a l  t h r u s t  [ l b f ]  
f = Fanning f r i c t i o n  f a c t o r ;  a s  a  s u b s c r i p t  means eva lua t ion  a t  
f i l m  temperature 
G = flow r a t e  per  channel per  u n i t  flow a r e a  [lbm/s/channel] 
f t 2  
go = conversion cons tan t  = 32.2 f t l s e c  
8, = g r a v i t a t i o n a l  a c c e l e r a t i o n  = 32.2 f t  - l b f  
lbm - sec2 
= h e a t  t r a n s f e r  c o e f f i c i e n t  [ f t  - Ibf ] 
f t 2  - s e c  - O R  
= concent ra t ion  of hydrogen atoms H]  
CC 
= s p e c i f i c  impulse [ sec ]  
= e f f e c t i v e  m u l t i p l i c a t i o n  cons tant  
= thermal conduct iv i ty  of hydrogen [ f t - l b f  ]  
f t  - s e c  - O R  
= thermal conduct iv i ty  of g raph i t e  [ f t - l b f  ]  
f t  - sec  - O R  
= change i n  e f f e c t i v e  m u l t i p l i c a t i o n  cons tant  [ $ I  
= r e a c t i v i t y  worth of t o t a l  core hydrogen [ $ I  
= s p e c i f i c  worth of core hydrogen [$/KgH2] 
= r e a c t i v i t y  worth of t o t a l  r e f l e c t o r  hydrogen [ $ I  
= s p e c i f i c  worth of r e f l e c t o r  hydrogen [$/KgH2] 
= s p e c i f i c  worth of t o t a l  hydrogen [$/KgH2] 
= core length  [ f t ]  
= neutron group leakage [neut rons lsec]  
= Mach number; molecular weight of p rope l l an t  
= mass of p rope l l an t  [lbm] 
= mass of rocket  s t a g e  a f t e r  p rope l l an t  t h r u s t i n g  [lbm] 
= t o t a l  mass of rocket  s t a g e  be fo re  p rope l l an t  t h r u s t  [lbrn] 
= prope l l an t  tankage mass [lbm] 
= c r i t i c a l  mass of uranium 2 35 
= Mach number a t  en t rance  t o  converging-diverging nozzle 
= t o t a l  number of reac50r core channels 
= Nusst3lt number = hD 
= power dens i ty  [MW/cu. f t . ]  
= channel hydrogen pressure  [ p s i a ]  
8~~ = pressure  drop ac ros s  r e a c t o r  core  [ p s i a ]  
0 
= core en t rance  p re s su re  [ p s i a ]  
1 
= mean core  p re s su re  = - (Po + Pexit) [ p s i a ]  2 
c = rocke t  nozzle  chamber pressure  [ p s i a ]  
Pe = rocke t  nozzle  e x i t  p re s su re  [ p s i a ]  
Pr = P r a n d t l  number = a 
KH 
pi = neutron group product ions [neutrons/sec]  
P t o t ,  = t o t a l  r e a c t o r  power [MW] 
E" w = wall- temperature- l imited maximum power dens i ty  [MW/cu. f t . ]  
P~ = f u e l  center l ine- temperature- l imited maximum power d e n s i t y  
[MWIcu. f t . ]  
s = s t r e s s - l i m i t e d  maximum power dens i ty  [MW/cu. f t . ]  
= zero-pressure s t r e s s - l i m i t e d  maximum power dens i ty  
[MWIcu. f t . ]  
P = channel hydrogen dens i ty  [lbm/cu. f t .  ] 
P, = channel hydrogen d e n s i t y  [atoms H/cc] 
pr = reg ion  hydrogen dens i ty  = pm; [atoms H/cc. core]  
when rep laced  by 4 ,  then pr i s  a l s o  r e f l e c t o r  reg ion  
hydrogen d e n s i t y  
= prope l l an t  d e n s i t y  [lbm/cu. f t  . I  
Pi;? = ent rance  p rope l l an t  d e n s i t y  [lbmlcu. f t , ]  
P o u t  = e x i t  p rope l l an t  d e n s i t y  [lbm/cu. f t . ]  
Rc = core r ad ius  [ f t ]  
Re = Reynolds number = kL 
= Universa l  gas cons tan t  = 1545.33 [ f t  l b f  R~ 
~brn - mole - O R  I 
0 = ou te r  r ad ius  of flow channel equ iva l en t  c e l l  [ f t ]  
S = maximum thermal s t r e s s  [ p s i a ]  
To = r e a c t o r  core en t rance  hydrogen temperature [OR] 
T = bulk  hydrogen temperature [OR] 
f = f i l m  temperature = L (T + Tw) [OR] 2 
Tw = channel w a l l  temperature [OR] 
TW' = a d i a b a t i c  w a l l  temperature [OR] 
Tm, Tml= mean r e f l e c t o r  hydrogen temperature [OR] 
TFMAX = maximum f u e l  c e n t e r l i n e  temperature [OR] 
TWMAX = maximum channel w a l l  temperature [OR] 
t~ = "burn" time f o r  p rope l l an t  t h r u s t i n g  [ s e c ]  
T~ = nozzle  chamber temperature [OR] 
TCL = f u e l  c e n t e r l i n e  temperature [OR] 
TF = i n t e r n a l  f u e l  temperature [OR] 
Q/A = power inpu t  t o  the  p rope l l an t  [ M W / £ ~ ~ ]  
U = uranium 235 
v = prope l l an t  v e l o c i t y  [ f t l s e c ]  
ve = rocke t  e x i t  v e l o c i t y  [ f t l s e c ]  
A V  = requi red  v e l o c i t y  increment [ f t l s e c ]  
4 2  = " c h a r a c t e r i s t i c "  v e l o c i t y  increment [ f t l s e c ]  
vc 
= r e a c t o r  core  volume [cu. f t . ]  
w = flow r a t e  per  channel [ lbm/s/channel] ;  when used as 
s u b s c r i p t  means eva lua t ion  a t  w a l l  temperature 
< w) = t o t a l  flow r a t e  [ lbmlsec]  
W I E O  = Weight I n  Ea r th  O r b i t  
- - - - 
x = d i s t a n c e  from r e a c t o r  core  en t rance  [ f t ]  
\v &'o = d i s t a n c e  from core  en t rance  t o  beginning of core hydrogen 
region [ f t ]  
" 1 = d i s t ance  from core en t rance  t o  end of core  hydrogen 
region [ f t ]  
x = incremental  channel d i s t ances  used i n  computer program 
MAXPOW [ f t ]  ; a l s o  used a s  = x l  - xo above. 
xu = volume f r a c t i o n  of uranium 
X 
C 
= volume f r a c t i o n  of carbon 
Y = - 4fLc = Stenning s i m p l i f i e d  a n a l y s i s  parameter 
D 9 = r e a c t o r  core  void f r a c t i o n  
7 7 f  rocke t  nozzle  e f f i c i e n c y  
y = Poisson ' s  r a t i o ;  a l s o  used a s  t he  number of neutrons given 
o f f  per  f i s s i o n .  
2. 
= macroscopic f i s s i o n  c ros s  s e c t i o n  [cm-'1 
y=  cp/c, = r a t i o  of p rope l l an t  s p e c i f i c  h e a t s  
= c o e f f i c i e n t  of thermal expansion [OR-'] 
$$-= t e n s i l e  s t r e n g t h  of rocke t  nozz le  m a t e r i a l  [ p s i a ]  
O;)? g a x i a l ,  r a d i a l ,  and azimuthal  s t r e s s  components [ p s i a ]  
= microscopic f i s s i o n  c ross  s e c t i o n  [cm2] 
2 
~~f = microscopic capture  c ros s  s e c t i o n  [cm ] 
2 %= microscopic absorp t ion  c ros s  s e c t i o n  [cm ] 
S 
2 
= t o t a l  microscopic s c a t t e r i n g  c ros s  s e c t i o n  [cm 1 
a* i - + x + l  = microscopic s c a t t e r i n g  c ros s  s e c t i o n  from group i t o  group 
1-L = c o e f f i c i e n t  of v i s c o s i t y  [ Ibm ] 
s e c  - f t  
d = r e f l e c t o r  void f r a c t i o n  
= delayed neutron f r a c t i o n  = 0.0064 9 
Appendix F. S e n s i t i v i t y  Calcu la t ions  
The fol lowing Table F-1 l i s t s  t h e  r e s u l t s  of vary ing  S  = 4000 - 
60130 p s i a ,  TFMAX = 5400 - 5600" R,  and T W  = 4900 - 5100" R. In 
t2 all eases  To = 300" R,  Po = 1200 p s i a ,  D = 0.1  i n ,  w = 1.013 x 10 
Ibm/s/channel,  and Cor re l a t ion  (4.6) has  been used. 
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